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The Physical Basis of Ferromagnetism

By R. M. BOZORTH

After an introductory review of the general nature of the theory

of magnetic phenomena and the magnitudes of the atomic forces

involved, there is a discussion of Ewing's theory, its results and
limitations. The later theory of Weiss is then given briefly in order

to fix the concept of the molecular field. In order to elucidate the

nature of this field a digression is made to discuss the atomic struc-

ture of the ferromagnetic elements and elements having similar

structures. With this as a basis the physical nature of the molecular

field is discussed at some length. Its relation to the structure of

domains, particularly the nature of the boundaries between do-

mains, is brought out.

Finally there is a review of the gyromagnetic effect, its signifi-

cance for magnetic theory, the principal expermental method for

its determination, and the numerical results supporting the idea

that the spin of the electron and not its orbital moment is respon-

sible for ferromagnetism.

Introduction

IN THE last five or ten years the theory of ferromagnetism has

shown indications of maturity. For the first time a plausible story

can be told concerning the ultimate magnetic particle, the essential

nature of the atom of a ferromagnetic substance, the kind of forces

which determine the properties of magnetic crystals, the effect of

strain on magnetic materials and the manner in which these various

phenomena combine to determine the properties of commercial

materials. It is true that the story is largely qualitative, and that

there are still many points that are uncertain or missing entirely, but

nevertheless it is possible to describe the major features with some

confidence.

The fundamental magnetic particle is the spinning electron. One
might think that the orbital motions of the electrons in the atom
would also contribute to ferromagnetism, owing to their magnetic

1
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moments, but it has now been established that when the magnetization

is altered all that changes is the direction or '.'sense" of the spin of

certain of the electrons in the atoms—the orbital motions remain prac-

tically unchanged.

The electrons that are responsible for the magnetic properties of

iron, cobalt, nickel and their alloys lie in a definite "shell" in the

atom. As shown in Fig. 1, there are four shells or regions, more or

Fig. 1—Electron shells in an atom of iron. The arrow indicates the incomplete
sub-shell that is responsible for ferromagnetism. The numbers specify how many
electrons with each spin are in the corresponding sub-shells.

less well defined, into which all the electrons circulating about the

nuclei of these atoms may be divided when the atom is separated

from its neighboring atoms, as it is, for example, in a gas. Some of

these shells are subdivided as shown. When the atoms come closer

together as they do in a solid, the fourth or outermost shell of each

becomes disrupted, and the two electrons which comprised it wander
from atom to atom and are the "free" electrons responsible for
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electrical conduction. The electrons in the outer part of the third

shell are those responsible for the distinctive kind of magnetism found

in iron, cobalt and nickel. Some of these electrons spin in one direction

and some in the opposite, as indicated, so that their magnetic moments

neutralize each other partially but not wholly, and the excess of those

spinning in one direction over those spinning in the other causes each

atom as a whole to behave as a small permanent magnet.

The well-established kinetic theory of matter tells us that if each

atom were to act independently of its neighbors, the atoms would be

vibrating and rotating so energetically that they could not be aligned

even with the strongest field that can be produced in the laboratory.

To explain the kind of magnetic properties found in iron, therefore,

it is necessary that there be some internal force capable of making the

magnetic moment of a group of neighboring atoms lie parallel to each

other—the small atomic "permanent magnets" of each group must

point in the same direction so as to provide a magnetic moment great

enough to permit a realignment when subjected to external fields.

Recently it has been shown by independent means that there is such

a force in just those elements which are ferromagnetic, and it is from

this force that the difference between magnetic and non-magnetic

materials arises. The force is electrostatic in nature and is called

"exchange interaction" by the atomic-structure experts, the wave

mechanicians, who have shown its existence and calculated its order

of magnitude. This force maintains small groups of atomic magnets

parallel against the forces of thermal agitation. (When the material

is heated so hot that the disordering action of the agitation becomes

strong enough to overpower the forces of "exchange interaction" the

material loses its ferromagnetism ; in iron this happens at 770° C.)

But M^hy then is not every piece of iron a complete permanent

magnet? For some reason not understood at present, at ordinary

temperatures the electrostatic forces of exchange interaction maintain

the elementary magnets parallel only over a limited volume of the

specimen. This volume is usually of the order of 10~^ or 10~^ cubic

centimeters and contains a million billion atoms and is of course in-

visible. Such a volume is said to be saturated because the atomic

magnets are all pointing in the same direction, and has been given

the name "domain." Thus a magnetic material at room temperature,

before it has been magnetized by subjecting it to the influence of a

magnetic field, is divided into a great many domains each of which is

magnetized to saturation in some direction generally different from

that of its neighbors. The net or vector sum of the magnetizations is

zero, and externally the material appears to be unmagnetized but in
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reality the magnetization at any one point is very intense. When a

magnetic field is applied by bringing near the metal a permanent

magnet or a coil of wire carrying a current, the magnetization of the

material as a whole is increased to a definite value. We believe that

what then takes place is simply a change in the direction of the mag-

netizations of the domains. If we represent the magnetization of any

domain by a vector, the effect of the externally applied field will be

represented by the rotation of these vectors—rotations not accom-

panied by any changes of length.

I
"

7^ DIRECTIONS
OF EASY

MAGNETIZATION

IRON

Fig. 2—The positions of the atoms and the directions of easy magnetization
in crystals of iron and of nickel.

Recently much has been learned about the magnetic properties of

materials by a study of single crystals. Ordinary metals are composed

of a great many crystals often too small to be seen easily by the naked

eye. But in the last few years methods have been found for making

large crystals of almost all the common metals, crystals as large as the

more familiar ones of rock candy and even of quartz. Experiments on

such crystals of iron show that they are much more easily magnetized

in some directions than in others.

This dependence of ease of magnetization on direction is illustrated

in Fig. 2 for iron and nickel in relation to the positions of the atoms in
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the crystals. The circles represent the positions which centers of

atoms take up on an imaginary framework or lattice. Because of the

smallness of atomic dimensions only a small fraction of the atoms in a

crystal of ordinary size are shown, but the same pattern, the unit of

which is outlined by solid lines, extends throughout the whole of the

single crystal. The arrows indicate the directions of "easiest" mag-
netization, which are different for the two materials as may be noticed.

In order to give a notion of the absolute and relative sizes of crystals

and domains and atoms with which magnetic processes are concerned,

it may be pointed out that a piece of ordinary iron a cubic centimeter

in volume may contain about 10,000 single crystals, and that each

crystal contains on the average 100,000 domains each with from lO^'*

to 10"^^ atoms.

Although this article is not concerned primarily with the details of

the changes in magnetization that occur when a magnetic field is

applied, a brief description of such changes is desirable. In a crystal

of iron the directions of easy magnetization are parallel to the cubic

axes, that is, they are the six directions parallel to the edges of the

cube which represents the structure. When such a magnetic material

is unmagnetized as a whole a portion of one of the crystals in it may
be represented by the highly schematic Fig. 3(a). As shown, each

of the domains, represented by the arrows, circles and crosses, is

magnetized in one of the directions of easy magnetization, equal

numbers in each of the six directions. When a weak field is applied in

the direction indicated and its strength gradually increased to a high

value, the magnetizations of the domains change suddenly and their

directions approach coincidence with that of the magnetic field. This

is usually accomplished by the displacements of domain boundaries,

these moving so that some domains grow at the expense of others in

which the magnetization lies in a direction further from that of the

field. When the field has been increased to such a strength that

practically all the domains are oriented as shown in (b) and the crystal

is really just one large domain, a second process commences: the mag-

netization changes slowly in direction until finally it is parallel to the

field, and then changes no more. The material is then said to be

saturated, as shown in (c).

Figure 3 is drawn to illustrate the changes in magnetization that

occur in a single crystal of iron. Iron as we ordinarily see it is com-

posed of a great many minute single crystals, but the changes in

magnetization that occur in each one of these crystals are just those

which have been described, the magnetization of the whole poly-

crystalline material being the sum of the magnetization of the parts.
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The most definite evidence of the existence of domains is the

Barkhausen effect. To produce and detect it, a piece of magnetic

material is wound with wire the ends of which are connected to a

vacuum tube ampUfier. When the magnetization of the material is

changed, as e.g. by moving a permanent magnet near it, a rustling

sound or a series of clicks may be heard in phones or in a loud speaker

—\u \
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The regular pattern observed ^ is similar in nature to the familiar one

obtained when iron filings are sprinkled near a permanent magnet;

the fine colloidal particles are necessary in this case because the whole

scale is small. This micro-pattern changes when the applied field

changes, and the difference is attributed to the redistribution or

reorientation of groups of domains. These patterns are obtained only

on magnetic materials and are found on them even when the material

is unmagnetized ; such a one is shown in Fig. 4,

Fig. 4—The powder pattern produced b\" colloidal iron oxide on the surface of

a demagnetized silicon-iron crystal, showing the presence of inhomogeneous mag-
netic fields. Magnification about 1000.

Magnitudes of Magnetic Forces

Ferromagnetic theory has been made difficult by the fact that the

magnetic forces between the electrons in an atom are small compared

to the electrostatic forces. The latter force between two electrons of

charge e (in e.s.u.), a distance a apart, is equal to

The magnetic force between the same electrons depends on the speed

of the charges as well as on their magnitudes, and, when the direction

of motion is perpendicular to the line joining them, is equal to

7^ ' 72 '

where v\c is the ratio of the speed of each electron to the speed of

light. Since y/c is usually of the order of 0.01, these magnetic forces

1 L. W. McKeehan and W. C. Elmore, Phys. Rev., 46, 226-228 (1934). See also

the earlier experiments by F. Bitter, Phys. Rev., 41, 507-515 (1932). See also the
account by Elmore in F. Bitter's Introduction to Ferromagnetism, McGraw-Hill,
New York, 55-66 (1937).
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are about 10~* of the electrostatic forces. The difference is even

greater when electrostatic forces between electrons and nuclei, or

between nuclei, are compared with magnetic forces. The magnitudes

of these forces for a specific hypothetical arrangement are shown in

Fig. 5.

/"

)N(^<ELECTRON { ^<-

/

/

/ ELECTROSTATIC FORCES
j

IN DYNES

H 2 X 10-3

-*o
NUCLEUS
+ 26 6

c

MAGNETIC FORCES IN DYNES
— ORBITAL MOTIONS, 2X10"^

—

SPINS, 3 X lO-l'*

ELECTRON
-e

Fig. 5—The magnitudes of the forces in a hypothetical iron-like atom, showing that
electrostatic forces are more powerful than magnetic forces.

Consider the magnitude of magnetic forces from another point of

view. The magnetic energy of a permanent magnet of moment ha
in a field of strength H is

E = - ^iAH,

when fXA and H are parallel. In a magnetic substance we may regard

the atomic magnets as being held parallel by a fictitious field Hi.

When the material is heated to the Curie temperature, 6, the energy

of thermal agitation (~ kd) destroys the alignment of the atomic

magnets by the fictitious or "internal" field Hi. Then

kd ^ ixAHi.

For iron, 6 = 1043° K. and ma = 2.04 X 10-2« erg/gauss, thus the
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energy per atom is

kd = 1.4 X 10->3 erg= 0.09 electron-volt

and the internal field

Hi = 7,000,000 oersteds.

Although this field is much stronger than any so far produced in the

laboratory, the energy involved is small compared to that which

controls chemical binding. For example, the energy of ionization of

the helium atom is about 25 electron volts. Another way of showing

that the magnetic forces are small compared to the electrostatic

forces holding atoms together, is to compare the Curie temperature

with the temperature of vaporization.

The calculation of magnetic forces by theory is thus extremely

difficult, because they are but small additions to the electrostatic

forces which themselves cannot usually be calculated with much
precision.

Ewing's Theory

Ewing 2 was one of the first to attempt to explain ferromagnetic

phenomena in terms of the forces between atoms. His theory will be

described briefly here, since many physicists today, when thinking

about magnetic phenomena, still go back to Ewing's ideas of fifty

years ago. He assumed with Weber that each atom was a permanent

magnet free to turn in any direction about its center. The orientations

of the various magnets with respect to the field and to each other

were supposed to be due entirely to the mutual magnetic forces.

The I, H curve and hysteresis loop were calculated for a linear group

of such magnets and were determined experimentally using models

having as many as 130 magnets arranged at the points of a plane

square lattice.

The calculations for a linear chain show that as the field is gradually

increased in magnitude from zero there is at first a slow continuous

rotation of the magnets, then a sudden change in orientation and

finally a further continuous rotation until the magnets lie parallel to

the field. The I, H curves calculated for such a group of magnets

resemble in general form the actual curves of iron : they show a perme-

ability first increasing then decreasing, and saturation and hysteresis.

A magnetization curve and a hysteresis loop obtained ^ with a

model of 130 magnets in square array, are shown in Fig. 6. Experi-

"J. A. Ewing summarized in "Magnetic Induction in Iron and Other Metals,"
The Electrician, London, 3d ed. (1900).

3
J. A. Ewing and H. G. Klaassen, Phil. Trans. Roy. Soc, 184A, 985-1039 (1893).
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ments with the model showed a variety of other phenomena including

rotational hysteresis loss and its reduction to zero in high fields, the

effect of strain on magnetization, the existence of hysteresis in the

strain vs. magnetization diagram, the effect of vibration and the

existence of time lag and accommodation with repeated cycling of

the field.

Ewing's general method may be illustrated by calculating the

magnetization curve and hysteresis loop for an infinite line of parallel

MAGNETIC FIELD-STRENGTH

Fig. 6—A magnetization curve and hysteresis loops of a Ewing model
of 130 pivoted magnets in square array.

equally spaced magnets (Fig. 7a). It is done most simply by con-

sidering first the magnetic potential energy * of a magnet of moment
/i^'and length I, in the field of a similar magnet

:

W = IJiA pm a ,2/2
IJ.A pm - (1)

Here r is the distance between the centers of the magnets and the

P{d)'s are Legendre functions of the angle, 9, between the direction

of the moment of the magnet and the line joining the magnet centers.

p^(e) = (1 + 2 cos 20) /4,

p,(d) = (9 + 20 cos 26 + 35 cos 40) /64,

, p^(e) = (50 + 105 cos 2d + 126 cos 49 + 231 cos 60)/512.

The potential energy per magnet, Wi, for an infinite straight row of

magnets can easily be obtained by summing W for all pairs.

Wi^ - 2ixj
[1.2OP2(0) + \MP,{9){llry

^G. Mahajani, Phil. Trans. Roy. Soc, 228A, 63-114 (1929).

(2)
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The behavior of the line when subjected to a field H may be found

by adding to W\ the energy term — HyLA cos (^o — B), where do is the

angle between the line of centers and the direction of the field, and

FIELD STRENGTH

Fig. 7—A magnetization curve and hysteresis loop for an infinite line of

equally spaced magnets originally "demagnetized."

finding the value of 6 which makes this total energy a minimum for

given values of ^o and H:

j-Q^W, - IIixA COS (do - 9)'] = 0.

This gives

II = idide)Wi

IXA sin {do — d)
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The component of magnetization parallel to H is

/ = /gcos (00 - 0),

where Is is the saturation magnetization. By starting with half of the

line of magnets pointing in a direction opposite to that of the other

half, the initial magnetization is zero and an unmagnetized or demag-
netized material is simulated. Thus a magnetization curve and a

hysteresis loop of this assemblage are obtained by plotting H against /.

Such a plot is shown in Fig. 7(b), with the scale of H determined by
the magnitudes of fXA and r. The curves are obviously similar to those

for real materials.

Limitations of Ewing's Theory

So far, this calculation is equivalent to what Ewing did over four

decades ago. But now we know the crystal structure of iron and in

particular the distances between the atoms. We also know the mag-

netic moment of each iron atom and know, therefore, the value of

IJ-AJf^ which determines the scale of H. Using the appropriate values

fiA = 2.0 X 10"^" erg/gauss and r = 2.5 X 10~^ cm, the coercive force

He for Ijr = 0.1 is found to be 4600 oersteds. This is affected some-

what by the ratio Ijr, but in any case He is found to be of this order of

magnitude unless Ijr is very close to unity. This magnitude of He is

greater by a factor of 10^ than the lowest value obtained experimen-

tally, 0.01. Similarly the initial permeability, /xo, according to the

model is about unity while observed values for iron range from 250 to

20,000. Adjustment of Ijr to higher values decreases /xo.

This calculation of the magnetization curve and hysteresis loop are

based on a very much idealized model, and it is difficult to estimate

the error to which it may lead. One factor that has been completely

neglected is the fluctuation in energy. A much better approximation

would be to calculate the magnetic potential energy of a group of

magnets arranged in space in the same way that the iron (or nickel)

atoms are arranged in a crystal. This has been done by Mahajani *

who showed that application of Eq. (1) with / = (but summed to

account for the effects of all magnets in the structure) leads to the

result that the magnetic potential of the space array is independent

of d, in other words one orientation of the dipoles is as stable as any

other and the magnetization curve would go to saturation in infinitesi-

mal fields no matter in what direction H might be applied. If I is

finite, the stable positions of the magnets are parallel to the body-

diagonals of the cube which is the unit of the crystal structure, and
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this becomes therefore the direction of easy magnetization, a situation

which is correct for nickel but decidedly not so for iron. The best

correspondence between the action of the model and of iron itself is

obtained if the model is made by placing a small circular current of

electricity, instead of a magnet with finite length, at each lattice point

of the space array. In the latter case we can explain the direction of

easy magnetization in iron and the variation of magnetic energy with

direction in the crystal.

In considering Ewing's model it is appropriate to estimate the energy

of thermal agitation and to compare it with the magnetic potential

energy as calculated from the model. Substituting in Eq. (2) the

same values of ma and r as were used above, we obtain 10"^® erg per

atom for the magnetic potential energy in zero field. This is to be

compared with the rotational energy of a single molecule at room
temperature, 2 X 10~^'* erg per atom as given by the kinetic theory.

Thus the energy of thermal agitation is 200 times as great as the calcu-

lated magnetic energy. Even at liquid air temperatures the thermal

agitation would prevent the atomic magnets from forming stable con-

figurations. Without some additional force the model Ewing used

would behave as a paramagnetic rather than a ferromagnetic solid.

In a real material, however, it is now well established that there are

very powerful forces, not contemplated when Ewing made his model
and proposed his theory, which maintain parallel the dipole moments
of neighboring atoms. These are the electrostatic forces of exchange

(see p. 24) which Heisenberg suggested are powerful enough to align the

elementary magnets against the disordering forces of thermal agitation,

forces much larger than those of magnetic origin. Theory accounts

only for the order of magnitude of these forces. Our best estimate of

the corresponding energy of magnetization is obtained by assuming

that it is equal to the energy of thermal agitation at the Curie point,

\ke. For iron {6 = 1043 °K) this gives 7 X lO-^^ erg per atom.

The Weiss Theory

In order to understand how atomic forces give rise to ferromagnetism

it is desirable to review briefly Weiss's theory ^ of ferromagnetism,

which introduces a so-called "molecular field" that presently will be

identified with the nature of these forces. This theory is an extension

of Langevin's theory of a paramagnetic gas. The original Langevin

theory culminated in a formula relating the magnetization, /, to the

field-strength, H, and the temperature, T; this is the hyperbolic co-

« P. Weiss, Jo7ir. de physiqtie (4) 6, 661-690 (1907). P. Weiss and G. Foex, "Le
Magnetisme," Colin, Paris (1926).
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tangent law,

L ^ ctnh^^-—

.

/o kT (JLaH

In deriving this the assumptions are made that the elementary mag-

nets, each of moment fXA, are subject to thermal agitation and momen-

tarily may have any orientation with respect to the direction of the

field, and that they are too far apart to influence each other. Quantum

theory alters the second of those assumptions by stating that in such

an ensemble of elementary magnets (atoms) there will be only a limited

number of possible orientations, in the simplest case only two, one

parallel and the other antiparallel to the direction of the field. In this

case the equation corresponding to Langevin's is

-7- = tanh -^;=r •

io kl
(3)

These two theoretical relations are plotted for variable H and con-

stant T (room temperature) in Fig. 8, the constants being those for

1800
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where C is a constant. This relation, known as Curie's Law, is obeyed

by some paramagnetic though not by ferromagnetic substances. It is

usually written with IjH denoted by the symbol %> representing

susceptibility

:

Many more paramagnetic substances obey the similar "Curie-Weiss

Law '

'

:

1= ^^ .

•

(4)

Weiss pointed out the significance of 6 in this equation: it means that

the material behaves magnetically as if there were an additional field,

NI, aiding the true field H. This equivalence is shown mathematic-

ally by putting 6 = NC in Eq. (4) with the result

C(H±NI)
T

The quantity represented by NI is called the "molecular field" and

that by N the " molecular field constant." It is interpreted by suppos-

ing that the elementary magnet does have an influence on its neighbors,

contrary to the assumptions of the simple Langevin theory.

The significance of the molecular field for ferromagnetism is now ap-

parent if we replace the Hhy H -{- NI in the more general Eq. (3) and

examine the resulting equation

:

| = ,,„h^^i(^L+^. (5)h kT

This equation is perhaps the most important in the theory of ferro-

magnetism. It indicates that even in zero field there is still a mag-
netization of considerable magnitude, provided the temperature is not

too high. Putting II = and

Eq. (5) reduces to

e - ixANhIk,

This purports to specify the magnetization at zero applied field by a

function that is the same for all materials, when the magnetization is

expressed as a fraction of its value at absolute zero and the temperature

as a fraction of the Curie temperature on the absolute scale. This

magnetization vs. temperature relation, plotted as the solid line of Fig.
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9, means that at all temperatures below 6 the intensity of magnetization

has a definite value even when no field is applied.

How is it then that a piece of iron can apparently be unmagnetized

at room temperature? The answer, given by Weiss, is that below the

Curie point all parts of the iron are magnetized to saturation but that

different parts are magnetized in different directions so that the overall
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It is a problem of theoretical physics to determine the nature of the

molecular field. Before discussing what progress has been made in

doing this it will be necessary to review some of our knowledge of the

structure of the atoms with which we are concerned.

Atomic Structure of Ferromagnetic Materials

The structure of an isolated iron atom has already been shown in

Fig. 1. The twenty-six electrons are divided into four principal

"shells," each shell a more or less well defined region in which the

electrons move in their "orbits." The first (innermost) shell contains

two electrons, the next shell eight, the next sixteen, and the last two.

As the periodic system of the elements is built up from the lightest

element, hydrogen, the formation of the innermost shell begins first,

and when completed the numbers of electrons in the first four shells

are two, eight, eighteen, and thirty-two, but the maximum number in

each shell is not always reached before the next shell begins to be

formed. For example, when formation of the fourth shell begins, the

third shell contains only eight electrons instead of eighteen; it is the

subsequent building up of this third shell that is intimately connected

with ferromagnetism. In this shell some electrons will be spinning in

one direction and others in the opposite, and these two senses of the

spins may be conveniently referred to as positive and negative. The
numbers on the circles show how many electrons with + and — spins

are present in each shell in iron and it will be noticed that all except the

third shell contain as many electrons spinning in one direction as in the

opposite. The magnetic moments of the electrons in each of these

shells mutually compensate one another so that the shell is magnetic-

ally neutral and does not have a permanent magnetic moment. In the

third shell, however, there are five electrons with a positive spin and

one with a negative so that four electron spins are unbalanced or un-

compensated and there is a resultant polarization of the atom as a

whole. The existence of a permanent magnetic moment for each atom

obviously satisfies one of the requirements for ferromagnetism.

In the free atom the orbital motions of the electrons also contribute

to the magnetic moment. When the iron atom becomes part of

metallic iron the electron orbits become too firmly fixed in the solid

structure to be influenced appreciably by a magnetic field. The

corresponding moments do not change when the intensity of magnetiza-

tion changes—this is shown by the gyromagnetic experiments discussed

later—and it is supposed that the orbital moments of the electrons in

various atoms neutralize one another.
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In the solid structure neighboring atoms influence the motion and

distribution of electrons, particularly in the third part of the third shell

{M shell) and the first part of the fourth shell (4^ shell). In Fig. 10

the difference between a free atom and one that is part of a metal is

illustrated. Each of the ten places for electrons in the 2)d shell is

represented by an area which is shaded if that place is occupied. The
distribution corresponds in (a) to an isolated atom of nickel, in (&)

to a nickel atom in a metal ; in the latter situation there is on the average

0.6 electron per atom in the 45 shell (these electrons are loosely bound

and are the free electrons responsible for electric conduction) and a

vacancy or hole of 0.6 electron per atom in the 3J-shell.^ In the 4^

shell the number of electrons with + and with — spin are almost

exactly equal, but in the Zd shell all of the spaces for + spin are filled.

The difference between the numbers of + and — spins is equal to the

net magnetic moment per atom. Experimentally the difference in

the number of + spins and — spins in an atom is determined from the

saturation intensity of magnetization at absolute zero. When this

difference is one the atom has a moment of one Bohr magneton,

MB = 9.2 X 10"^^ erg/gauss

consequently the number of Bohr magnetons can be calculated from

the atomic weight, A , and the density, d

:

Bohr magnetons/atom = |S =—-, •

IXBd

In Fig. 10 (/) the diagram for nickel is repeated, this time with the

tops of the unfilled positions on the same level to bring out an analogy

with the filling of vessels with water. Diagrams for manganese, iron,

cobalt, nickel and copper are shown in parts {c) to (g). In each case

the 18 electrons in closed shells are not shown. In iron the situation is

somewhat different from that in nickel, neither the 3d-\- nor the M —
shell is filled. This follows from the relative constancy of the number
of electrons in 45, from the excess of holes in Zd-{- over those in Zd—
(jS = 2.2), and from the total number, 26, of extra-nuclear electrons.

The distribution in space of electrons belonging to the Zd and 4^

shells is known approximately ^ and is depicted in Fig. 11. In (a) the

ordinate shows the number of electrons there are at various distances

from the nucleus. The 3d shell is thus seen to be a rather dense ring

6E. C. Stoner, Phil. Mag., 15, 1018-1034 (1933); N. F. Mott, Proc. Phys. Soc,
47, 571-588 (1935); L. Pauling, Phys. Rev., 54, 899-904 (1938).

^ Calculations were based on the equation given by J. C. Slater, Phys. Rev., 36,
57-64 (1930).
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of electrons, as contrasted with the 4^ shell which extends farther from

the nucleus, so far that in the solid the shells of neighboring atoms over-

lap considerably. In {h) the number of electrons having energy be-

tween E and E -\- dE is plotted against the energy E; this representa-

tion is similar to that of Fig. 10 but now the squares and rectangles

are replaced by the more appropriate curved surfaces. If {b) is turned

90° relative to (a) the two pairs of curves bear some resemblance to

each other. This is so because the energy of binding is generally less

at greater distances from the nucleus. The M-\- level is represented

as lower in energy than the ?>d— since one of these bands is preferred.

ifl 6

S) 2

2

A
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45 shell which then becomes half full as shown by the line "Cu" as

well as by {g) of Fig. 10. The diagram does not show changes in the

relative levels of the 3c^+ and Zd— bands that occur in going from

one element to another; when both 3d bands are filled, as in copper,

these levels are the same. The numbers of electrons and "holes" in

metals near iron in the periodic table are given in Table I. A more

TABLE I

Number of Electrons and Vacancies (Holes) in Various Shells
IN Metal Atoms Near Iron in the Periodic Table

Element
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atoms have filled up Zd bands, losing their more loosely bound 4^

electrons when there are available places of lower energy. The data
for palladium indicate that this element has the same number of outer



THE PHYSICAL BASIS OF FERROMAGNETISM 23

indicates that some of the outer electrons of platinum go into the M
band of nickel, but that they do not fill this level as rapidly as the

outer electrons of copper do when this element is added.

Electron shells that are completely filled behave more like hard elastic

spheres than those which are only partially filled. In solid copper with
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discussed. But copper would not be ferromagnetic even if the inter-

action were large, because the completed shell means that the satura-

tion magnetization is zero; in reality copper is diamagnetic.

A more detailed discussion of the atomic structure of metals, par-

ticularly of the band picture of the ferromagnetic metals, is given in a

recent article in this journal by W. Shockley.^"

Interpretation of the Molecular Field

It was shown by Heisenberg ^^ that the molecular field can be ex-

plained in terms of the quantum mechanical forces of exchange acting

between electrons in neighboring atoms. Imagine two atoms some
distance apart, each atom having a magnetic moment of one Bohr

magneton due to the spin moment of one electron. A force of inter-

action has been shown to exist between them, in addition to the better-

known electrostatic and (much weaker) magnetic forces. It is known
that, as one would expect, such forces are negligible when the atoms are

two or three times as far apart as they are in crystals. It is supposed

also, on the basis of calculations by Bethe,^^ that as two atoms are

brought near to each other from a distance these forces cause the elec-

tron spins in the two atoms to become parallel (positive interaction).

As the atoms are brought nearer together the spin-moments are held

parallel more firmly until at a certain distance the force diminishes

and then becomes zero, and with still closer approach the spins set

themselves antiparallel with relatively strong forces (negative inter-

action). In the curve of Fig. 14 the energies corresponding to these

forces are shown as a function of the distances between atoms.

Bethe's curve was drawn originally for atoms with definite shell radii

and varying internuclei distances. It may equally well be used for a

series of elements if we take account of the different radii of the shell

in which the magnetic moment resides. The criterion of overlapping

or interaction for the metals of the iron group is the radius, R, of the

atom (half the internuclear distance in the crystal) divided by the

radius, r, of the ?)d shell. In Fig. 14 this ratio Rjr has been used as

abscissa and the elements iron, cobalt and nickel have been given ap-

propriate positions on the curve. The recently discovered ferromag-

netism of gadolinium ^^ is apparently associated with a large Rjr and

small interaction, as compared to nickel. It is placed on the curve

accordingly. Slater ^ has shown that the ratio Rjr is larger in the

low. Shockley, Bell System Technical Journal, 18, 645-723 (1939).
" W. Heisenberg, Z.f. Physik, 49, 619-636 (1928).
12 H. Bethe, Handbuch der Physik, 24, pt. 2, 595-598 (1933).
13 G. Urbain, P. Weiss, and F. Trombe, Compt. Rend., 200, 2132-2134 (1935).
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The energy of interaction, /—the positive ordinate of Fig. 14—can

be estimated from the value of the Curie temperature, 6, in a manner

suggested by Stoner.^*

Let 2J be the difference in the energy of interaction between two atoms when
their moments are respectively parallel and antiparallel. The total energy of

these two atoms is therefore

2£ = 2£o ± /

where £o is the energy of an isolated atom. The negative sign applies when the

spins are parallel, the positive when they are antiparallel. Imagine a crystal

in which each atom of moment ma is surrounded at equal distances by z other

atoms of which x have their spins parallel and y antiparallel. Then turning one

atom from the parallel to antiparallel position produces a change of {y — x) in

the number of parallel pairs and (x — y) in the number of antiparallel pairs and,

therefore, requires an energy

£ = 2Jix - y). (5)

Since in each atom the moment must be parallel or antiparallel to the field, the

magnetization of the material as a whole will depend on the average value of

X — y:

Ilh = {x- y)lz. (6)

According to Boltzmann's equation an atom will have the following probabilities

of being parallel and antiparallel

Pp=: l/[l+exp(-€/^r)]

Pa = exp (- elkT)/\:i + exp (- e/kT^.

Since all atoms behave in the same way on the average x and y must be zPp and
zPo- Hence we have

7//o = {x - y)/z = Pj,- P„ = tanh (e/2^r)

or using (5) and (6)

Comparing this with the modified Weiss equation, Eq. (4),

I , ^ haNI ^ ,Ilh
-rr = tanh , „ = tanh -^rj^
Jo kT Tje

we have J in terms of the molecular field constant or the Curie temperature:

J = ijaNIoIz = kelz.

For iron, z = 8, J = kd/S = 1.8 X 10"" erg or 0.01 electron volt.

This derivation indicates that J is proportional to 0, and that the constant of

proportionality depends on the number of nearest neighbors. The number of

neighbors has not been taken into account in the following discussion of Fig. 14.

The interaction curve is substantiated in a quaHtative manner by

the observed variation of the Curie points of the iron-nickel alloys. ^^

" E. C. Stoner, Phil. Mag., 10, 27-48 (1930). Stoner's original work appears to

have been in error by a factor of two; the modified treatment given here is due to

W. Shockley and follows closely the method employed in dealing with order and
disorder in alloys (see e.g. Eqs. 1.11, 1.12, 2.2 and 2.16 in the article by F. C. Nix
and W. Shockley, Rev. Mod. Phys. 10, 1-71 (1938)).

1* Summarized by J. S. Marsh, Alloys of Iron and Nickel, v. 1, pp. 45 and 142,

McGraw-Hill, New York (1938).



THE PHYSICAL BASIS OF FERROMAGNETISM 27

shown In Fig. 15. The maximum in the curve near 70 per cent nickel

apparently corresponds to the maximum of the interaction curve of

Fig. 14. In alloys of higher nickel content the curve indicates that

the Curie point should be increased if the material is compressed- The

opposite should be true of the face-centered alloys having less than

this amount of nickel. These contentions are borne out by the fact
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brought about by the change of pressure. More data are needed to

clarify the theory.

There is an anomalous expansion of the high nickel alloys (due to

loss of magnetism) as the alloy is heated through the Curie point,

a contraction of the low nickel alloys, and no anomaly in the alloys

having about 70 per cent nickel, as indicated by the data ^^ of Fig. 16

on the expansion of these alloys in the range of temperatures including

the Curie points. Bethe's curve represents the change of interaction

energy with volume as a material is expanded or contracted, and it is

to be expected that there will be a reciprocal effect, a change in volume

< 16

O
*-> 10
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copper, indicates that all of these substances should lie to the right of

the maximum. It should be expected that iron-cobalt, like iron-

nickel, alloys should lie in the region including the maximum. This

is not observed; instead, the Curie point continually decreases as iron

or nickel is added to cobalt—in this case, however, the change of

Curie point with composition is obscured by a change of phase so

that no easy test of the theory is possible.

Sizes of Domains and Widths of Domain Boundaries

The quantum mechanical interaction in ferromagnetic materials

tends to make the magnetic moments of neighboring atoms parallel.

One infers that the whole ferromagnetic specimen should be one single

large domain; nevertheless in actual fact the parallelism extends over

much smaller regions only. This behavior is attributed to strains,

crystal boundaries, temperature vibrations, impurities, etc. The fact

that a specimen can be demagnetized so that no residual magnetization

can be observed by ordinary means, indicates that the domains are

not larger than microscopic in size; while the occurrence of heat effects

at the Curie point shows that the magnetic unit is larger than a

single atom.

A direct measure of the domain size is obtained from experiments

on the Barkhausen effect; ^^ the volume is found to be of the order of

10~^ cm.^, so that it contains about 10^* atoms. The Barkhausen

data give little information concerning the shape of a domain, but

this has been made evident by the powder patterns of Bitter and
others; ^ a typical domain is long and slender, either rod-like or plate-

like with a thickness of the order of one micron (10"'* cm.) and a

length of perhaps 10 microns. The volume thus agrees with the

results of the Barkhausen effect within one or two orders of magnitude.

No explanation has been given for the occurrence of domains of this

particular size.

There is at present no experimental evidence regarding the nature

of the transition region between domains, and in the schematic Fig. 3

no transition region is shown. It is believed that the boundary will

not be sharp on an atomic scale, but will be spread over a region a

considerable number of atoms wide. Calculation indicates that less

energy is required if the electron spins change direction gradually from

atom to atom as indicated in Fig. 17. The spreading of the transition

region over many atoms instead of over one, is analogous to the

separation of similar electric charges ; the mutual forces tend to spread

them over a region as large as possible and they are held together

18 R. M. Bozorth and J. F. Dillinger, Phys. Rev., 35, 733-752 (1930).
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only by some other forces such as those imposed by an electric field.

The expression for the energy of interaction in a boundary layer has

been derived by Bloch,^^ and found to be inversely proportional to the

thickness of the layer,

kd 1

a

per unit area of boundary. Here k is Boltzmann's constant, 6 the

Curie temperature, a the distance between atoms and 5 the thickness

of the layer; since the layer has no sharp limit, 5 is measured between

, 1
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or

5 = yikdIiaC) = 5o

In iron and similar materials free from any considerable strain the

value of C is determined by the crystal anisotropy and is about
10^ ergs/cm.^ 6 « 10^ °K, a « 10~* cm. and the thickness of the

boundary layer comes out to be about 1000 atom diameters. This

value, probably correct as to order of magnitude, indicates that the

volume of the domain proper is much larger than that of the boundary

or transition region.

At present it is not clear why application of an indefinitely small

field will not cause continual progression of the 180° boundary in one

(a) (b) (c)

^ ^

Q

C_^

Fig. 18—The magnetic moment, M, and the moment of momentum, /, of an
electron in its orbit about the nucleus. A change in one moment entails a change
in the other, the (gyromagnetic) ratio remaining constant.

direction so that one domain will disappear completely. The reason

for the non-occurrence of this progression except under certain circum-

stances is probably connected with the existence of strain gradients.

Gyromagnetic Effect

In the discussion of the structure of ferromagnetic atoms, use was

made of the concept of electron spin. This section will review the

evidence for the existence of this spin, its experimental determination,

and its relation to magnetic phenomena.

Theory. In principle, the ratio of the moment of momentum to

magnetic moment may be determined as illustrated in Fig. 18, An
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electron of mass m and negative charge e revolves about its nucleus

/ times per second in an orbit of radius r. The magnetic moment
due to the circulating current is at right angles to the plane of the

orbit and is

A'U = efTr^c.

The moment of momentum is in the opposite direction and its magni-

tude is

Jo — Imfirr^.

The ratio of the moments for this orbital motion is then

_ /o _ 2wc

Imagine now that the atom is suspended in space by a fibre as

shown in (a). If a strong magnetic field is applied the vector AI

representing the magnetic moment will rotate around the axis of the

suspension, and / will rotate with it, as the electron precesses. As

long as there is no external force or friction the angle between M and

the axis will not change but only the speed of its jrotation will vary.

On the other hand if there is an exchange of energy with other atoms

as there is in a real material subject to temperature agitation, then M
approaches parallelism with iJas shown in {b), and the components of

M ajid / parallel to the axis change in the same ratio. Consequently

the change in the magnetic moment about the axis of the suspension

may be said to cause a change in the moment of momentum about the

same axis. As a result of the concerted action of all of the atoms com-

posing a rod (c), and the recoil of the rod as a whole, the suspension is

subject to a torque equal to the (negative) time rate of change of the

moments of momentum of the constituent electrons:

L = - dJ/dt.

Thus a rod suspended as shown in Fig. 17 (c) may be magnetized a

known amount, its resulting rotation measured, and its gyromagnetic

ratio M/J so determined. The same ratio may be found also by

measuring the magnetic moment M caused by rotating a similar rod

with a known angular acceleration; this is the inverse effect.

The existence of a magnetic moment and an angular momentum
associated with an electron apart from its orbital motion in the atom,

was postulated in 1925 by Goudsmit and Uhlenbeck ^o primarily to

explain the structure of atomic spectra. The magnetic moment
20 S. Goudsmit and G. E. Uhlenbeck, Nature, 117, 264-265 (1926).



THE PHYSICAL BASIS OF FERROMAGNETISM 33

assigned to this spin of the electron about its own center was equal to

one Bohr magneton which by definition is that of the smallest electron

orbit on the Bohr theory.

eh
MB = -^^^ = 9.2 X 10-21 erg/gauss.

The unit of angular momentum was taken as one-half of that for the

smallest Bohr orbit or as

47r

The ratio for the spin motion, denoted by ps, is

Js inc pn

liB e I

and is thus twice the gyromagnetic ratio for the orbital motion of the

electron. Dirac has shown that these results are consequences of

relativistic quantum theory.

In general the ratio MjJ is

mc 2

^ = Ti
where g is known as the Lande splitting factor. For spin moment,

g = 2\ for orbital moment, g = \. When the moment of an atom
is the resultant of finite spin and orbital moments, g may be found

in terms of the quantum numbers, 5 and /, expressing the angular

momenta of the spin and orbital components:

« = 3/2 +-^(^+ "-'('+')
Vij + 1)

Here 5 may have any of the half-integral values 0, 1/2, 1, 3/2, • • • and

/ any of the integral values 0, 1, 2 • • • , while the number, j, representing

the angular momentum of the resultant may be any positive number
equal to the sum or difference of 5 and /. (The actual value of the

resultant angular momentum is

j-^ vjcTm),
LIT

and that of the magnetic moment is
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but the components parallel to the applied field are jA/2t and

gjeh I {4:Trmc) , respectively.) For some values of s, I and j, e.g. 4, 2

and 2, ^ is greater than 2, and for some values it is less than 1.

The sign as well as the magnitude of the rotation is of importance.

All experiments are consistent with the idea that the magnetic moment
is due to the spinning or circulation of negative electrons rather than

of positive charges.

The results to be described below show that in ferromagnetic

materials generally the value of g has nearly the value two and not at

all the value one, so we conclude that ferromagnetic processes are

concerned primarily with the spins of the electrons and not their

orbital motions. When a change in magnetization takes place we
therefore attribute it to a change in the direction of spin of some of

the electrons, and believe that the orientations of the orbits are

disturbed but slightly. This change is illustrated in Fig. 19. In some

/ \ / \

/
\ / \

fa)
I

+

.

11 f
,' + , \

)\ i;
\ y \ '
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(

..
\\ [[ ..

j

H»0

Fig. 19—In the common ferromagnetic materials a change in magnetization is

effected by a change in the direction of electron spin, not in the direction of motion
of the electron in its orbit.

paramagnetic materials, on the other hand, the reorientation of orbits

plays an important part.

Gyromagnetic Experiments. The first gyromagnetic experiment to

be performed successfully was magnetization by rotation. After an

unsuccessful trial by Perry ^^ in 1890, the experiment was considered
independently in 1909 by Barnett ^^ who in 1914 obtained the result,

then inexplicable, that g was approximately twice the classical value

one. Richardson, 2* in 1907, was the first to propose rotation by
^1

J. Perry, as quoted by Barnett, ref. 27.
22 S. J. Barnett, Science, 30, 413 (1909); Phys. Rev., 6, 239-270 (1915). An

accidental error in the calculation of the results was corrected in Joiir. Wash. Acad.
Sci., 11, 162 (1921). Magnetization bv rotation.

23 0. W. Richardson, Phys. Rev., 26, 248-253 (1908).
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magnetization, and Einstein and de Haas ^* performed the experiment

in 1915. It was repeated in 1918 by Stewart ^^ who for the first time

obtained a result consistent with Barnett's, and has been confirmed

since by a number of others.

FINE SUSPENSION

INDUCTION SOLENOID

SPECIMEN (R0T0R,M)
AND MAGNETIZING

COIL

ADJUSTABLE
RESISTANCE,

R

TORQUE COIL, B

PERMANENT
MAGNET

Fig. 20—Schematic diagram of the method of determining the gyromagnetic ratio.

In recent years the method most often used (rotation by magnetiza-

tion) is that due to Sucksmith and Bates. ^^ As modified by Barnett,^^

it is shown diagrammatically in Fig. 20. A rod of the material under

24 A. Einstein and W. J. de Haas, Verh. d. D. Phys. Ges., 17, 152-170 (1915); 18,

173-177 (1916); 18, 423-443 (1916).
26

J. Q. Stewart, Phys. Rev., 11, 100-120 (1918).
26 VV. Sucksmith and L. F. Bates, Proc. Roy. Soc, 104A, 499-511 (1923). W.

Sucksmith, Proc. Roy. Soc, 108A, 638-642 (1925).
27 S. J. Barnett, Rev. Mod. Phys., 7, 129-166 (1935). This article and the one

in Phys. Zeits., 35, 203-205 (1934) give a good account of the history, methods and
results to date.
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investigation (the "rotor," M) is wound with a magnetizing coil and
suspended by a fine quartz fibre in a second (induction) coil A. The
leads from the latter are connected in series with an adjustable re-

sistance R and a third coil B, inside of which is a small permanent
magnet (moment m) mounted below the rotor and connected rigidly

to it. A change in the moment of the rotor is produced by changing

the current in the magnetizing coil. This causes a gyromagnetic

rotation of the rotor and at the same time induces a voltage in coils A
and B. R is adjusted so that the current flowing is of such strength

that the field produced by it in B acts on the permanent magnet to

annul the gyromagnetic torque of the rotor. The magnetizing current

is alternated with a period equal to the natural period of rotation of

the rotor assembly and the final deflection 5 noted for various values

of R. R is plotted against 5 and its value, Rq, determined for zero

deflection b}^ interpolation.

Let

La — — dJjdt

be the torque due to the gyromagnetic effect. The current induced

in coils A and 5 by a change in the moment M of the rotor is

i = EIR = (dMldt)(KAlR),

where Ka is a constant of coil A. This current produces a torque on

the magnet w in ^:

Lb = iniKn,

Kb being a constant of coil B. When R = Rq, La — — Lb and

dJ thKaKb
P =

dM Re

The value of p is calculated by this formula after finding the values

of the coil constants, the resistance Ro and the moment of the perma-

nent magnet. Barnett has taken great care to eliminate various

errors caused mainly by the presence of undesirable fields such as the

earth's and by asymmetry and magnetostriction of the rotor.

Experimental Values of g

The results of gyromagnetic experiments are given preferably in

terms of g

:

g = (MIDilmcle),

and are collected in Table III. Here a g-value of two means that
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electron spin only is operative; the ratio would be one if change in

orbit orientation were the only efifect. The apparent slight difference

of most of the values from two, indicates that there is some small but

definite change in orbit-orientation in ferromagnetic materials when
they are magnetized. In the weakly ferromagnetic pyrrhotite (FeS)

the experimental value 0.63 is in harmony with the theoretical value,

0.67, for a possible state of the iron atom {s = — Xjl, I = 2, j = 3/2)

in which orbital moment is of importance.

Gyromagnetic ratios for paramagnetic materials have been deter-

mined by Sucksmith ^^ and are given in Table IV. The departures

TABLE IV

Values of g for Some Paramagnetic Substances (Sucksmith)

Substance
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(1) the atomic magnetic moment (determined from the saturation

magnetization at 0° K), which gives directly the numbers of electrons

in certain shells in the atom, and (2) the gyromagnetic effect, experi-

ments on which give results characteristic of an electron spinning

about an axis passing through its center.
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Contact Phenomena in Telephone Switching Circuits*

By A. M. CURTIS

The phenomena occurring at the closing and opening of con- ,

tacts carrying weak currents have been investigated by means
which include a study of the high-frequency transient voltages and
currents. These influence the erosion in a complex manner which
varies with contact materials, surface conditions and surrounding
atmosphere. Three principal classes of effect have been distin-

guished. These are: (1) Disruptive sparkovers initiating 9. series

of metallic arcs lasting less than a microsecond each; (2) A nitrogen

gas glow discharge at about 300 volts, preceded by a brief group
of disruptive sparkovers; (3) High field breakdowns due to cold

point discharges which cause transient metallic closures of ap-

proaching contacts and similar transient reclosures of separating

contacts.

'
I
'*HE operation of a telephone system depends on the proper per-

-- formance of many millions of electrical contacts, a large propor-

tion of which are in relays. The relays must be designed for a life

during which they operate from as few as five thousand to as many as

four hundred million times. Although the nominal currents and

voltages carried by the contacts are rather low, the large number of

operations may cause erosion which in a very small percentage of cases

leads to failures to close or open the circuit. The difficulties caused by
even very rare failures make the control of contact erosion a problem

of major importance for the telephone companies.

Research and development work on contacts has of course been car-

ried on continuously since very early in the development of the tele-

phone system. The aim is to design contacts to have a life at least

equal to that of the apparatus of which they form a part and to require

a minimum of maintenance. Although this aim has in general been

successfully met there have been some cases in which the contacts have

worn out too rapidly.

Although it had long been realized that contact operation necessarily

involved the generation of high-frequency transients, there was at first

no apparatus available which would permit these transients to be

studied. The Dufour oscillograph was for a long time the only instru-

ment which covered the range of frequencies involved. It was em-
* Prest-ntcd at Winter Convention of A. I. E. E., New York, N. Y., fanuarv 22-26,

1940.

40
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ployed as early as 1926 in studies of contact sparking but it was very

cumbersome in use, often introduced artificial conditions into the

circuit of the contacts, and progress with its use was necessarily very

slow. During the past few years rapid advances have been made in

the development of glass envelope cathode ray oscillograph tubes.

By employing the latest types of tubes, and combining them when
necessary with wide band high-frequency amplifiers and with circuits

which permit synchronization of the tube sweep circuit with the con-

tact operation, it has been possible to make thousands of observations

in the time originally taken by a single oscillogram, and to cover the

entire range of currents, voltages, and frequencies involved. We now
have available means which will permit the visual observation of

transient voltages at frequencies as high as 400 megacycles per second,

and transient currents with components reaching 20 megacycles per

second. Single pulses lasting a small fraction of a microsecond, and
complex transients containing components as high as 5 megacycles,

can be clearly resolved and photographed while the envelopes of still

higher frequencies can be recorded.

In order to study the transients at contacts operating at 50 volts

and steady currents under one ampere, in common types of telephone

circuits, voltages as high as 2000 and currents reaching 20 amperes
must be within the range of the apparatus. A detailed description of

the apparatus will not be attempted in this article, but the results of

observations made with it and photographs of the more significant

transient components will be presented.

Study of the currents requires an amplifier as an impedance matching
device and some circuit conditions make a shielded input transformer

necessary. An input impedance of from 0.4 to 2 ohms, a voltage gain

of about seventy-five times, and a substantially flat characteristic of

output versus input from 20 kilocycles to 20 megacycles are usually em-
ployed. Lower frequencies may be observed with other amplifiers

and the range from zero to 10,000 c.p.s. is studied by means of the

"Rapid Record" oscillograph.

With earlier cathode ray tubes, beam currents of 40 microamperes at

5000 volts were employed. The latest tubes give a beam current of

about one milliampere at this voltage. A Leica camera with an F1.5

Xenon lens and ultra speed panchromatic film has been used in most
of the photographic work. The photography is complicated by the

presence in a single transient photograph of some components in which
the beam speed may be a thousand times as fast as it is in others.

However, beam speeds in excess of 200 kilometers a second are photo-

graphed, and a continuous sine wave of 5 megacycles frequency may be
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clearly resolved on a single transit. Sweep speeds which permit resolu-

tion of much higher frequencies are employed for visual observation,

where the transient component being studied can be found by frequent

repetition of the contact operation. As the occurrence of a particular

component varies in time of its position in the entire transient, very high

sweep speeds are impractical for photography as a prohibitively large

proportion of exposures would be blanks. A sweep speed of about 15

kilometers per second is about as high as is useful except in some special

cases.

We may commence the discussion by setting up what appears to be

a very simple circuit (Fig. 1), a pair of contacts, one of which is con-

so ^~r
VOLTS ^="

Fig. 1—Typical relay and contact circuit.

nected by a length of wire to a relay winding, which is in turn con-

nected to one pole of a 50-volt battery. The mate contact and the

other pole of the battery are grounded by very short wires. The
oscillograph is arranged so that the voltage between the contacts and

the current through them can be observed, great care being taken to

insure that the added apparatus does not appreciably change the

circuit characteristics even at very high frequencies. A low power

microscope may be set up to observe the operating area of the contacts.

When the contacts close, the first thing that happens is the discharge

of the relay structure (a capacity) and of the wire through the contacts.

The wire may be thought of as a radio antenna, more or less open-

circuited at the load relay winding terminal, and either grounded or

opened at the contacts. The wire forms an oscillatory circuit of

moderately heavy damping with a surge impedance of about 100 ohms.

As it is charged to 50 volts, when the contacts come together an oscilla-

tion having a peak current of 0.5 ampere occurs and is over before the

steady current through the relay winding has more than started to

build up. The frequency of the line oscillation depends on the length
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and other characteristics of the wire, but it is (in the telephone plant)

rarely lower than 500,000 cycles, and on short leads it may be many
megacycles. Fortunately most contacts are not much affected by

closing a half ampere. Erosion and build-up will occur, but at rather

slow rates, and they are usually completely obscured by effects due to

the contact opening. Of course, if the contacts bounce, ^ the effect

will be more complex, but we are assuming for the moment that they

do not bounce. The structure of the relay itself, including the pair of

springs separated at its base by an insulating sheet, is also an oscillating

circuit. We have not been able to get inside of this circuit and meas-

ure the current surge but its oscillation frequency seems to be about 250

megacycles for certain telephone relays.

Now suppose that the simple circuit of our closing contacts is compli-

cated by an additional wire connected to the contact spring terminal.

This is also charged to 50 volts before the contacts close, and being a

second circuit of a hundred ohms surge impedance in parallel with the

original wire, the current peak discharged through the contacts will

now be about one ampere. But now the contacts are likely to act

differently. About a microsecond after the current reaches its peak,

but before the charge in the wires has been completely dissipated,

the circuit is interrupted and the discharge stops. A spark, which is

visible in the microscope, suggests that the current carrying areas have

been exploded and blown apart. A few microseconds later they again

close and the rest of the energy is discharged, but some of the contact

metal must have been destroyed.

If several "idle" wires are attached to the contact, the current surge,

and the number and duration of the contact reopenings, increase, but

not usually in direct proportion to the number of wires. If the idle

wires are attached to the load relay winding terminal instead of to the

contact, the current is smaller, as the length of single wire from relay

winding to contact is effectively in series with them.

In the telephone relay circuits which we are considering, the steady

state current plays little part during contact closing if the contact carry-

ing relay is properly adjusted, as the contacts come to rest while the

current is still held at a small fraction of its final value by the inductance

of the load relay winding.

Under some conditions which are more likely to occur in telegraph

than in telephone circuits the contact closure phenomena are somewhat

different from those described above. Assume, for example, that the

potential between the open contacts may be adjusted in a range be-

' Bounce, as distinguished from chatter, reopens the contacts after several thou-
sandths of a second.
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tween 30 and 250 volts while the final direct current is limited by

circuit resistance to less than 0.5 ampere. At the low voltage, observa-

tions of the current and voltage transients indicate that the closing

contacts merely discharge the line. As the voltage is raised so that

the current surge peak is in the range between 0.5 ampere and 1 ampere

the reopenings, due presumably to overheating of the contacting areas

by the discharge, are observed. These become more frequent as the

voltage and current increase, and a new type of current surge begins to

appear. This is placed on the time axis ahead of the point at which the

initial closures have been occurring (usually 5 to 10 microseconds

earlier) and consists of one or more irregularly spaced heavily damped

pulses of current lasting only a small fraction of a microsecond and

evidently discharging only a minute amount of the energy stored in

the system. They occur perhaps once in a hundred closures at 30 volts,

nearly every closure at 100 volts, and several for every closure at 250

volts. It is believed that the transients observed indicate the forma-

tion of minute metallic bridges ^ between the approaching contacts due

to a softening of the metal by a cold point discharge and its deformation

by the static field, and that once formed they are exploded by the

discharge of current from the relay structure and adjacent wiring.

The high fields necessary for phenomena of this type are of course

due to the minute distances as the contacts approach final closure. A
good deal of the erosion on telegraph relay contacts operating on

capacitative loads or shunted by resistance-capacity "spark-killer"

circuits is probably due to these "preclosures," but they are not

thought to be of much importance at the lower battery voltages of the

telephone plant.

Having now described the phenomena as contacts close in a doubt-

less over-simplified manner, we may consider that they have been

closed for a long time, the direct current and the magnetic field of the

load relay are established and the contacts are to be separated. The

action now becomes really complicated and much of it is as yet only

surmised. Several different things may happen, and these are influ-

enced by humidity, dirt, surface films, absorbed gases and many other

factors, including the speed of contact separation, the roughness of the

surfaces, and the presence or absence of a wiping motion as well as the

physical properties of the contact materials.

If the steady current exceeds certain well-known values ranging be-

tween 0.4 ampere and 1 ampere, characteristic of the contact materials,

2 "The Formation of Metallic Bridges between Separated Contacts," G. L.

Pearson, Phys. Rev., Sept. 1, 1939, Vol. 56, pp. 471-474.
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a metallic arc is formed as the contacts separate.^ This is maintained

at an initial potential of about 15 volts, and increases to a final value

usually below 30 volts. The arc may last several milliseconds, but

when it breaks it is followed by a complex transient lasting possibly

another millisecond. These transients may be of two general types

to be described later. This case is not of much importance in the

telephone plant as the steady current is ordinarily kept below the

value at which prolonged arcing occurs.

Metallic arcs lasting several ten thousandths of a second, and also

followed by complex transients, may occur in breaking steady currents

considerably less than those ordinarily believed to cause arcing. The
effect of these transient arcs on contact life has not been studied

separately, but they can hardly fail to increase the erosion. Their

efifect is unavoidably included in the studies of contact life in the higher

range of direct current values. Figure 2 shows the voltage between a

pair of opening silver contacts in which the steady current (0.25 am-

pere) is strong enough so that a brief metallic arc (indicated by the

upward deflection of the trace to a new horizontal position) precedes

the final transient.

If the steady state current is low enough so that neither prolonged

nor brief metallic arcs are formed at the initial contact separation, one

of two general types of complex transients occurs, or both types may
bemixed. These have been designated the "A" and "B " types. The
"B" type transient seems to be the more normal and it is difficult,

probably impossible, to set circuit and contact conditions which will

never give a " B " transient. It is identified by a bright spark between

the contacts, showing in a spectroscope bright lines of the vaporized

metal, and consists of a series of disruptive sparkovers at gradually

increasing voltages. Each sparkover is individually very complicated.

The appearance of the contacts during the "A" type transient is

radically different from that during the "B" transient. There will be

a minute bright spark, surrounded by a violet cloud which spreads out

from the immediate contact area over the negative contact and some-

times travels as far as a sixteenth of an inch from the working area.

As a result of thousands of observations of the transient currents

and voltages, and many experiments, and discussions with several

physicists and engineers with whom the writer is associated, a plausible

explanation of the phenomena has been arrived at and will be given as

at least a working hypothesis.

'"Minimal Arcing Current of Contacts," H. E. Ives, Jour. Franklin Institute,

October, 1924.
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The voltage wave form of an entire " B " transient, covering the time

from the initial separation of the contacts to the final subsidence of

the voltage charging the line wire, is shown in Fig. 3, and the a-c. com-

ponents of the current in the range from 20 kilocycles to 20 megacycles

are shown in Fig. 4. The low-frequency components of the current are

comparatively weak. A line and load relay were chosen to give a

relatively simple transient with the important components at frequen-

cies which could be photographed. A 500-ohm Western Electric

U-type relay and a line of 300 ft. of No. 22 switchboard pair were used.

The mate wire of the pair was grounded at both ends. The currents

and voltages were not photographed simultaneously but the types of

the transients were correlated by repeated observations. A current

picture will not exactly correspond to a voltage picture, as the tran-

sients produced by successive operations of a contact are never

identical.

The "B" transient may be explained as follows, using as a basis the

simple circuit of Fig. 1. The steady current is established and the

contacts start to separate, moving apart at a speed, which is at first

surprisingly slow (about an inch a second). The contacts have been

deformed by the pressure between them, and as this is relaxed the

current density and the temperature at the contacting areas rapidly

increase until at some light pressure the area becomes so small that

the current explodes it. There may be some necking out of the softened

contacts before this and under some conditions there are indications of

a metallic arc lasting a fraction of a microsecond, but at any rate an

initial rupture occurs between hot and soft metal areas.

The wire has been at ground potential, but the battery plus the

collapsing magnetic field of the load relay commence to charge it at a

rate depending on the line and relay winding capacity and the relay

inductance and losses. In ten or twenty microseconds, it has reached

at the contacts a potential of from 50 to 200 volts. This is below the

voltage at which sparkover due to ionization of the air can occur, but

something usually happens which recloses the circuit. This is believed

to be caused in somewhat the same manner as the " preclosures " men-

tioned earlier. It is probable that a cold point discharge reheats the

contacts. This is followed by a collapse of the voltage to about 15

volts above zero in the direction of the previous voltage, indicating the

formation of a metallic arc. This lasts a fraction of a microsecond

and the voltage then drops to nearly zero, suggesting that the contact

areas heated by the field current and the arc have been drawn together

in solid metallic contact. The line is discharged with an oscillation of

comparatively low damping (which is characteristic of the line wire)
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reaching a current peak usually ranging from 0.5 to 2 amperes. The
first cycle of the oscillation is distorted by the higher resistance of the

path to ground caused by the arcing stage in the reclosure. After a

few microseconds the contacts are opened a second time by the con-

tinued motion. Occasionally they reclose a second time but they

usually stay open until the voltage has built up by the continued dis-

charge of the load relay inductance to a value between 300 and 350

volts. Then a spark occurs at what is usually considered the minimum
sparking potential between contacts in air.

Figures 5 and 6 show the voltage and current of the initial opening

and reclosure of the contacts at the start of a "B" transient. The
brief arc at initial opening is barely detectable in Fig. 5. Figures 7 and

8 show similar voltages and currents at an increased sweep speed.

In Fig. 7 the metallic arc established during the reclosure is plainly

evidenced by the collapse of the voltage to about 15 volts and its

maintenance at this value for about a microsecond before it drops to

zero. The effect of the arc in distorting the oscillating discharge of the

current from the line wire is evident in Fig. 8. The current oscillation

of Fig. 8 may be duplicated merely by charging the line wire to a suit-

able voltage through a high resistance and closing the contacts, the

far end of the line being grounded through the load relay and a large

condenser which replaces the usual battery.

It is likely that the point discharge precedes the arc on reclosure by
such a short time that it cannot ordinarily be resolved. Nevertheless

disturbances of the voltage and current are occasionally found which

seem to indicate that a discharge path formed and was checked (pos-

sibly by melting off the point) without establishing an arc or metallic

bridge. Such a disturbance of the rising voltage is indicated in Fig. 9

by a high-frequency oscillation about 5 microseconds after the first rise

of the voltage trace. Figure 10, which shows the current of the second

of two initial reclosures, indicates a similar phenomenon. Five micro-

seconds after the rupture of the circuit, shown by the downward
deflection of the zero line, a dim line upward records a current surge

lasting a fraction of a microsecond and reaching about 3/4 ampere.

This surge, however, did not result in the immediate formation of an

arc which was established about 5 microseconds later.

The initial separation of the contacts does not always result in a

metallic reclosure. Figure 11 shows the voltage of the early part of the

"B" transient. Here the first collapse of the voltage is a sparkover

from about — 300 volts which establishes an arc at about — 15 volts.

This arc is broken and, as the line is not completely discharged, the

voltage between the contacts rises to about + 140 volts; a second arc is
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established at + 15 volts and broken in its turn. Possibly because of

the continually increasing distance, the arc is not reestablished, and

the voltage builds up with oscillations of a frequency characteristic of

the line wire insulated at both ends until it reaches — 300 volts a

second time and another spark passes. This time only one arc is formed,

and the recovery of the voltage starts from the positive side of the

zero axis. The current surges corresponding to the voltage collapses

of Fig. 11 are shown in Fig. 12. Here the first pulse represents a

sparkover which formed only one arc. As the current from the line

reached about 4 amperes it was checked and the conducting arc was
broken (possibly by being extended laterally into the region of cooler

metal). The second pulse shows the current of a sparkover which

formed two arcing periods.

These phenomena are shown in more detail in Figs. 13 and 14 which

show the voltage and current of a sparkover forming only one arc, and

15 and 16 which show the wave forms when two arcs are formed.

Note that the frequency of the current oscillation is that of the line

grounded at one end only (the impedance of the load relay being high

at this frequency) and is about half that of the voltage oscillation which

is that of the line open at both ends. Oscillations of both frequencies

may be found in the line at a distance from either end.

Corresponding observations may be made of the occurrence of 3, 4

and 5 arcing periods, the pattern followed being about the same.

The higher the voltage at sparkover the more arcing periods; an odd

number of arcing periods is followed by a recovery of the voltage from

the opposite side of the zero axis from that of the voltage before spark-

over, an even number by recovery from the same side of the zero axis.

The arcing periods are individually complex, having superposed on

them oscillations believed to be due to the relay structure and the

leads to the oscillograph which are too fast to be resolved photo-

graphically by the means available. These oscillations may be ob-

served visually by using higher sweep speeds and reach frequencies of

250 megacycles.

While the arcs ordinarily do not exceed a microsecond in duration,

they are probably an important factor in determining contact erosion,

as several hundred may occur at each contact opening.

As may be seen from Fig. 3 the sparkovers continue to occur, the

successive voltage breakdowns corresponding to the normal sparking

potential as the contact separation increases with time (with some

irregularities due to residual ionization in the gap) until the separation

is finally so large that the energy remaining in the load relay cannot

charge the line to the breakdown voltage. At this stage the line dis-
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Fig. 2—"A" transient starting with metallic arc (voltage)
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Fig. 9—Evidence of point discharge, voltage.



CONTACT PHENOMENA IN TELEPHONE SWITCHING CIRCUITS 51

10 20
MICROSECONDS
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Fig. 11—Early part of "B" transient, voltage.
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Fig. 12—Early part of "B" transient, current.
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Fig. 13—Single sparkover of "B" transient,

with single arc (voltage).
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Fig. 14—Single sparkover of

"B" transient, with single arc

(current).
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Fig. 15—Single sparkover of "B" transient, with double arc (voltage).
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Fig. 16—Single sparkover of "B" transient, with double arc (current).



CONTACT PHENOMENA IN TELEPHONE SWITCHING CIRCUITS 53

-900

-600

-300-

+300 L

0.5 1.0

MILLISECONDS

Fig. 17—Typical "mixed A and B" transient (voltage).
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Fig. 18—Effect on voltage transient of changing wire line length—1100 ft.
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Fig. 19—Effect on voltage transient of changing wire line length—600 ft.
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Fig. 20—Effect on voltage transient of changing wire line length—150 ft.

+ 300

0.5 1.0

MILLISECONDS

Fig, 21—Effect on voltage transient of changing wire line length—50 ft.
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Fig. 22—Effect on voltage transient of changing wire line length—10 ft.
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Fig. 23—Effect on voltage transient of changing wire line length—10 ft.
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Fig. 24—Effect on voltage transient of changing wire line length—10 ft.
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Fig. 25—Oscillation on glow discharge of "A" transient (voltage).
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Fig. 26—Start of "A" transient (voltage).

+200L

MICROSECONDS

Fig. 27—Start of stable glow discharge of "A" transient (voltage).
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Fig. 28—Start of "A" transient (current).
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charges slowly back through the load relay to the battery voltage.

The peak voltage reached may be as high as 2000 volts.

The principal characteristics of the "B" discharge can be produced

by a simple experiment which does not use a load relay, The transient

is not dependent on a load inductance, but only on a source of voltage

which will charge a wire at a sufficiently rapid (but not too rapid) rate

while a pair of contacts, which initially ground the wire, are separating.

If a wire about 100 ft. long is connected to a source of somewhat more

than 350 volts through a resistance of from 5000 to 20,000 ohms, and is

also grounded by a contact at one end, a transient is produced when

the contacts open which shows the characteristics of a "B" type

transient except the final dying away of the voltage to 50 volts.

It must not be understood that every spark transient is purely of

either the "A" or the " B " type. It is very common for the "A" type

• transient to break down into the "B" type and less often the "B"
transient establishes the gas glow discharge for a brief period in the

middle of the sparkovers.

A "mixed" transient is shown in its entire duration in Fig. 17.

Here, after a group of sparkovers, a period in which the voltage is

maintained steadily at about 300 volts for about 0.0002 second inter-

venes, and is followed by more sparkovers from considerably higher

voltages. In order to produce this transient the length of the line

wire was reduced to 10 ft., at which length and with a 1000-ohm load

relay the tendency is to produce intermittent groups of "A" or "B"
transients, interspersed with the mixed type shown, when the relay is

operated frequently.

The number of sparkovers in each "B" transient varies with the

circuit conditions. As many as a thousand may be found with a load

consisting of a number of relays in parallel on a wire of moderate

length and as few as one in the limiting case.

While the occurrence of the "B" transient is favored by long line

wires and high impedance relay loads, beyond a certain length which

with telephone relays and wiring is from 300 to 2000 ft. (the longer

lengths being associated with the lower impedance relays) no spark-

overs at all occur. The voltage build-up is so slow that the sparkover

potential is not reached at any time during contact opening and the

contacts may be said to be protected by the line wire. The series of

voltage oscillograms. Figs. 18 to 24 inclusive, shows the change from a

smooth transient with no sparkovers through the "B" type with an

increasing number of sparkovers to the final "A" type. The "A"
type transient of Fig. 22, which has superposed on the 300-volt gas

glow discharge stage a rela.xation type of oscillation, the "B " transient
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of Fig. 23 and the simple "A" transient of Fig. 24, were all produced

under identical conditions in quick succession. The change in

characteristics from Fig. 18 to Fig. 24 was produced merely by a

reduction in the length of the connecting wire from 1100 ft. through

three intermediate stages to 10 ft., a 1000-ohm load relay being used.

This explains a puzzling effect noted with many contact materials.

With a supposedly identical circuit, the erosion will be small with

very short wires, increase rapidly as the wiring length increases, and

then decrease again becoming very small with very long wires.

The "B" transient is more frequently observed with freshly filed

contacts, at high humidities, and with a rolling or wiping motion of

the contacts in opening. It is always found if the contacts are of

oxidized metal or operate in an oxygen atmosphere. In fact, there

seem to be good reasons for believing that its production is bound up

with the presence of oxygen on or in the surface of the active contact

»

metal.

It may be seen from the last series of oscillograms that if the circuit

and the conditions of the contact surfaces are just right, the "B"
transient is replaced by a much simpler and less stable type, the "A"
transient. It will occur usually when the wiring is short or the load

relay is of low impedance, with contacts which have been operated

until the original surface has been burned off and have not stood idle

more than a few minutes. It starts much as does the "B" type, but

after a dozen or a hundred sparkovers from about 350 volts, which

come much closer together in time than those of the "B" transient,

the voltage becomes steady at about 300 volts. This condition lasts

for perhaps 0.6 millisecond, then the voltage rises to about 400 or

450 volts and gradually reduces, reaching the battery voltage after

several milliseconds. A typical "A" type transient is shown in

Fig. 24. It is suggested as a hypothesis that, during the sparkover

stage, the oxygen is being exhausted from the surfaces of the current

carrying areas of the contacts by burning the metal and that when

this has been completed, a nitrogen gas glow discharge is formed and

maintained during the rest of the contact opening, if the supply of

energy from the load inductance through the line is rapid enough to

prevent the voltage from dropping below about 280 volts.

The glow discharge phase of the "A" transient is unstable. If

transient voltages induced by the operation of relays in other circuits

reach the contact gap during the time that a sustained glow discharge

is attempting to form, its formation is interfered with and a mixed or

"B" type transient results. Occasionally, as illustrated in Fig. 22,

the glow discharge of the "A" transient has superposed on it a saw-
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toothed oscillation of from 10 to 50 volts peak-to-peak. Part of an

"A" type transient showing this peculiarity is illustrated by the

oscillogram of Fig. 25. This appears to be a relaxation oscillation

such as is commonly produced in ionized gas tubes, riding on the normal

300-volt axis of the gas glow discharge. The conditions which lead

to the occurrence of this oscillation at atmospheric pressure have not

been identified, but it is found to be quite stable in some cases where

contacts have been sealed in a mixture of air and gases at about half

atmospheric pressure.

A typical "A" transient is shown in detail in Figs. 26, 27, and 28.

The circuit consisted of a 250-ohm relay connected to the contacts by

10 ft. of wire, the battery being 50 volts as usual. Figure 26 shows

the voltage of the early part of the transient during which rapid

sparkovers are interspersed with two brief periods during which a gas

glow discharge was established but not maintained. Figure 27 shows

the final sparkover before the establishment of the glow discharge at

about 300 volts. A group of the current pulses corresponding to the

initial part of the sparkover stage is shown in Fig. 28. These are

complicated by the line oscillations (which should be of about 30

megacycles frequency) and appear to last less than 0.1 microsecond.

It may be seen that the individual sparkovers at the start of the

"A" transient are somewhat different in form from those of the "B"
transient. The voltage reaches 320 volts in a microsecond or so, and

in some cases collapses to zero or beyond immediately. There are

sometimes indications of arcing periods lasting much less than 0.1

microsecond and the voltage recovers with oscillations of the line wire

but the duration of the phenomenon is too brief for very accurate

analysis. But in many cases, the voltage, having reached its peak,

drops to an intermediate value of 280 volts and recovers to 320 volts

before it collapses. This is probably due to the temporary formation

of the nitrogen glow discharge, which is finally established and main-

tained during the remainder of the contact opening when for some

reason the sparkover does not occur. In cases where the contacts are

on the verge of producing a "B" transient the voltage may rise to

500 volts and then collapse to the 300 volts of the gas glow discharge.

It is very interesting to set up a circuit which will cause the "A"
transient to predominate, and start operating freshly filed contacts

several times a second observing the transient voltage at contact

opening on the oscilloscope. The first transient will always be of the

"B" type. Usually the first few dozen will also. However, after a

while one of the transients will show a flat top at about 300 volts for

a very brief period and this tendency increases until finally a complete
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"A" transient occurs. After this, the "A" transients become more
and more common until finally the "B" transients occur perhaps once

in a hundred openings. If, then, a gentle stream of oxygen is blown
on the contacts, only "B" transients will occur until a few seconds

after it has been turned ofif. Blowing the breath on the contacts has

a similar but less definite effect, while a stream of dry compressed air

has no effect.

If, on the contrary, the circuit conditions are selected so that "B"
transients predominate, a stream of nitrogen will induce "A" tran-

sients. That is, "A" transients are not found in oxygen and "B"
transients are rare in nitrogen.

If, instead of operating the contacts several times a second, they are

operated at longer intervals, the tendency to produce the "A" transient

is reduced. When contacts are operated in air a certain interval

between operations can be found which causes all transients to be of

the "B" type. This probably depends on humidity and also on

circuit conditions and contact material. In one experiment, a wait

of 45 seconds between operations gave all "B" transients with silver

contacts, while a wait of five minutes was required with palladium

contacts. This is possibly due to a different rate of film formation.

Life tests on palladium contacts show much lower erosion with "A"
transients than with "B" transients. The effect of the two types of

transient in terminating the life of silver contacts is not markedly

different. The contours of the eroded surfaces exhibit a wide variety,

and it is not easy to correlate the transient type with its effect. It is

evident, however, that areas of the contacts which have never been in

the direct current path may be severely eroded.

When we consider that the "B" transients produce oscillations in

the line wires reaching several hundred volts and often fifteen amperes,

it is not to be wondered at that clicks will be produced in circuits in

the immediate neighborhood of unprotected relay contacts. The "A"
transients produce much weaker currents than the "B" transients

and many contacts on successive operations will produce "A", "B",

or mixed types. This explains the common observation that relay

clicks vary over a wide range of amplitudes. The arrangement of

telephone circuits in which the cabled wiring always contains a large

number of grounded conductors, and is often enclosed in a lead shield,

prevents any appreciable free radiation of the spark transient oscilla-

tions.

With the foregoing information available the contact erosion process

at opening contacts appears briefly to be as follows. At very minute

separations high field strengths exist even for moderate voltages. The
resulting cold point discharge is often followed by a metallic arc
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which softens a tiny point on the contact which is pulled out and

fused into metallic contact under the action of the high fields. After

rupture by increasing separation or increasing current density, the

process may repeat or, as is more likely, the separation is too great

for another metallic bridge to form. The high field discharge then

sets the stage for the next type of conduction or breakdown. This

may be either a series of sparkovers interspersed with metallic arcs of

extremely short duration or a gas glow discharge, initially intermittent

and then more or less stable. Factors predisposing toward one or the

other type of discharge are known thus far only in a most general

fashion and much remains to be done before the relation between

contact erosion and the transient currents and voltages can be pre-

dicted accurately. There is ample evidence that molten metal may
be expelled from the immediate contact area at high velocity and

may be deposited at distances of at least 0.1 inch. It also appears

that both the ionized nitrogen cloud of the "A" transient and the

disruptive sparks of the "B" transient may corrode the contacts and

their supports at locations and distances which never enter directly

into the rupture of the current path.

We have seen that the line wire contributes to the current surges

through contacts due to its properties as an oscillatory circuit, charged

repeatedly by the energy stored in the magnetic field of the relay.

The surges and the resultant erosion may be reduced in several ways.

If a radio frequency choke coil is connected between the contact and

the line wire, the discharges of the latter are much reduced, and the

"A" type gas glow transient favored. A group of many current

surges of 15 amperes peak may in most cases be reduced to one or two

of 0.15 ampere or less, and a radical reduction in erosion secured.

Unfortunately choke coils are expensive and inconvenient. The usual

line wire may be terminated in approximately its surge impedance by

shunting both ends to ground with a resistance of about 100 ohms in

series with a condenser of the order of 0.01 mf. This heavily damps

the line oscillations and greatly reduces the number and severity of

the current surges. It is also expensive. Instead of the copper line

wire, a material such as iron or permalloy plated copper having a high

surge impedance and large high frequency a-c. losses may be used.

This seems more practical, but brings up new problems in design,

handling, and soldering.

The most effective means of reducing erosion is of course the well

known "spark-killer" (consisting of a condenser and resistance in

series, shunted across the contact or load), which can be designed to

hold the voltage below the sparkover point at least until the contacts

have separated a safe distance.
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When the conventional spark-killer is used it is generally assumed

that what sparking then occurs is due to the discharge of the condenser

when the contacts close, provided that the " spark-killer " prevents

the voltage at contact opening from reaching 350 volts. Unfortu-

nately the "reclosure" effect described earlier appears unless the

initial rise of voltage as the contacts separate is held down to a value

considerably below the sparking potential by a suitable choice of the

resistance in series with the "spark-killer" condenser. If the rate of

increase of the initial voltage in relation to the speed of separation of

the contacts exceeds a figure which seems to depend on the contact

material and the condition of its surfaces, the high field point discharge

comes into play and causes the separating contacts to reclose metal-

lically while they are still at a minute separation and moving apart

very slowly. In "reclosing" the line wire and condenser are dis-

charged, the current explodes the minute metallic bridge, producing a

visible spark, and the circuit is thus reopened. This may occur a

dozen times in some cases before the contacts finally stay separated.

The higher the voltage which the spark-killer permits the more likely

are the reclosures to take place, and the larger the number of reclosures

at each contact opening. However, reclosures are usually not very

common in cases where the voltage of the wave front is held below

50 volts. In the majority of cases in the telephone plant it is possible

to do this without incurring much of a penalty due to erosion of the

contacts on closing by the discharge of the spark-killer condenser.

This discussion is not more than sufficient to serve as an introduction

to the problems of contact sparking as revealed by the improved

observing technique used in this study. Only the simplest cases

have been considered, and the telephone plant is far from being simple.

Many relays have multiple windings or metal sleeves, and multiple

connections to the contacts are very common. As these complications

considerably modify the contact spark wave form and erosion, each

contact with associated circuits presents its own problem. The
solution of these problems involves the careful study of circuit char-

acteristics of a type which are ordinarily left to the radio engineer,

as well as of the mechanical, chemical, and metallurgical properties

of the contact materials.

The writer wishes to acknowledge the collaboration of Mr. E. T.

Burton in the observation and explanation of the phenomena and the

assistance of Mr. I. E. Cole in the development of the testing appa-

ratus; of Mr. Glass, who developed the cathode ray tubes; and that

of many engineers and physicists in our organization, in particular

Messrs, Mathes, Hogg, Goucher, and Pearson, in the formulation of

some of the hypotheses expressed.



Effect of the Quadrature Component in Single

Sideband Transmission

By H. NYQUIST and K. W. PFLEGER

APREVIOUS article ^ gives an analysis of single sideband trans-

mission. Since that article was written this subject, particularly

in its application to picture transmission and television, has assumed

considerable importance. For this reason it now seems desirable to

amplify the previous theoretical treatment and to indicate certain

experimental results which have been obtained in the meantime. The

present article gives experimental evidence that, for a given bandwidth,

single sideband transmission is distinctly superior to double sideband

in picture transmission. ^ It also gives a theoretical discussion which

indicates that this is not inconsistent with the observed fact that

oscillograms with single sideband transmission show considerable

distortion.

As described in the previous article distortion to be considered in

single sideband transmission as compared with double sideband

transmission arises in three ways.

1. There may be present a slowly varying in-phase component due

principally to the inaccurate location of the carrier frequency with

respect to the edge of the filter characteristic.

2. The edge of the filter characteristic where the carrier is located

may be so designed that there is a net distortion due to failure of the

vestigial sideband to be accurately complementary to the principal

sideband.

3. There is present a quadrature component which results in con-

siderable distortion of the envelope of the received wave under ordinary

conditions.

By in-phase component is meant a component whose carrier is in

phase with the steady state carrier; by quadrature component is meant

a component whose carrier is in quadrature with the steady state

carrier. In some of the theoretical work in the present article, idealized

1 rraH5. yl. /.£.£., Vol. 47, p. 617, April 1928.
^ A paper by Goldman: "Television Detail and Selective-Sideband Transmission,"

Proc. I. R. E., Vol. 27, pp. 725-732, Nov. 1939, dealing with the same subject,

has been published since our manuscript was sent to the printer. While the two
papers reach similar conclusions there is considerable difference in method between
them.
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transducers have been assumed such that the first two effects listed

above are absent. In the physical networks which are covered by
the experimental work and part of the theoretical work these effects,

while not absent, are found to be unimportant. The present discussion

therefore is principally concerned with the third of these effects,

namely, the quadrature component.

In a recent paper Smith, Trevor and Carter ^ have studied, both

mathematically and experimentally, the matter of single sideband

transmission over a rather simple filter and have found that the enve-

lope is greatly distorted when the single sideband transmission is used.

They give characteristics of their filters and also the location of the

carrier frequencies so that it is possible to deduce that the first two

effects, listed above, are unimportant for some of the carrier frequencies

used. Their filter characteristics fall easily within the usual require-

ments for single sideband picture transmission at a speed appropriate

to the bandwidth. Substantially the sole source of distortion in their

work is the presence of the quadrature component, when the carrier

frequency is suitably located.

Studies have also been made of a picture transmitting system of the

type described by Reynolds.^ This system makes use of single side-

band transmission which had been found in previous experiments to be

practicable. These previous experiments had shown that the quadra-

ture component was present and was of considerable magnitude, but

that the impairment in the picture was rather slight. They had also

shown that if sufficient current was transmitted for the darkest portion

of the picture the impairment could be reduced to the point where it

was practically not detectable, and that a fairly small dark current

would suffice.

Computations

The present section will be devoted to the computations of in-phase

and quadrature components corresponding to certain assumed idealized

characteristics, and reasons will be indicated why the picture impair-

ment should be materially less than might be expected from the ap-

pearance of oscillographic records of the signal.

Figure 1 indicates the magnitude of the transfer admittance charac-

teristic which will be assumed. The characteristic is made up of two

half-cycles of a sine wave separated by a horizontal portion. The

phase shift vs. frequency characteristic is a straight line. In order to

simplify subsequent sketches this constant delay has been put equal

•' R.C.A. Review, Vol. 3; p. 213, October 1938.
* Bell System Technical Jourtial, Vol. 15; p. 549, October 1936.
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Fig. 1—Idealized transfer admittance characteristic. (Band pass system with no
delay distortion; Fc is the carrier and 5 the fundamental dotting frequency.)

Fig. 2—Graphical analysis of transmission characteristic. (The sum of these

characteristics equals that in Fig. 1. The upper gives received signals with carrier

in phase, and the lower, in quadrature with the sent wave.)

Fig. 3—Equivalent low-pass filter char-

acteristic. (Used in computing enve-
lopes of received signals for single side-

band transmission.)

Y -

Fig. 4—Equivalent low-pass filter char-

acteristic. (Used in computing enve-
lopes of received signals with mid-band
carrier.)

c: 7 r^^ V^ SENT SIGNAL

PHASE ^QUADRATURE

Fig. 5—Envelopes of received wave components for single transition,

characteristic as shown in Fig. 1.
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to zero. To take account of any constant delay it is sufficient to dis-

place the computed curve by an amount equal to the delay. The
characteristic of Fig. 1 may be separated into two components as

indicated in Fig. 2, where the top one gives rise to the in-phase com-

ponent and the bottom one to the quadrature component. Fc is the

carrier frequency for single sideband computations, and it is assumed

that Fc is great in comparison with the bandwidth. The characteristic

of Fig. 1 does not differ greatly from those used in the experimental

work. The quadrature component with the assumed characteristic

is somewhat more pronounced than with the experimental ones.

Figure 3 shows the equivalent low pass characteristics. Curve go

gives rise to the in-phase component and curve ho to the quadrature

component. Figure 4 shows the low-pass characteristic which is

equivalent to the original characteristic for double sideband compu-

tations with the carrier located in the middle.

Figure 5 gives the computed envelope for a single transition when

this transducer is used on a single sideband basis. The figure shows

the rectangular sent wave, the envelope of the in-phase component,

the envelope of the quadrature component, and the envelope of the

resultant wave. Figure 6 shows the corresponding received wave for

the double sideband case. There is no quadrature component and

the in-phase component and the resultant are identical. Figures 7

and 8 show the single sideband envelopes for a unit dot and a unit

space, respectively. Figure 9 shows two dots in succession. Figure 10

shows the same case as Fig. 9 with the exception that dark current

14 db below the maximum current has been added. Figures 11 and 12

correspond to Figs. 9 and 10, the difference being that the dots are

shorter. Figure 13 shows a succession of five dots. Figure 14 shows

two dots as transmitted on a double sideband basis. In all the figures

but 11 and 12 the fundamental dotting frequency is 5 as indicated in

Figs. 1, 3 and 4. In Figs. 11 and 12 the dotting frequency is 45/3.

In comparing these figures a number of things will be apparent. In

the first place, there is in the single sideband case a considerable

broadening of all the marks due to the presence of the quadrature

component. A second effect to be noted is that this broadening does

not cause the dots to run together nearly as much as might be expected.

This is particularly striking in Fig. 11 where the running together of

the two dots is only slightly greater than it would be with the in-phase

component alone. The reason for this is that when the dots tend to

run together the contributions from successive dots to the quadrature

component tend to cancel each other instead of adding to each other

as is the case with in-phase components. The broadening of Fig. 11
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SENT
SIGNAL

Fig. 6—Transmission of single reversal, carrier at mid-band.

/QUADRATURE

Fig. 7—Received signal for single dot, characteristic as in Fig. I.

SENT RESULTANT-
SIGNAL

Fig. 8—Received signal for single space, characteristic as in Fig. 1.

RESULTANT

Fig. 9—Received signal for two dots in succession, characteristic as in Fig. 1.
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Fig. 10—Effect of transmitting dark current 14 db below maximum.
(Compare with Fig. 9.)

SENT SIGNAL

RESULTANT

T^ ^ —
k / TIME \ UN ^ '-

PHASE /

/'QUADRATURE

Fig. 11—Effect of shortening dots. (Compare with Fig. 9.)

SENT SIGNAL

/.''quadrature

Fig. 12—Effect of adding dark current with shortened dots.

(Compare with Figs. 11 and 10.)

and similar figures is principally on the outside of dots rather than on

the inside. This tendency of the quadrature component to disappear

when very short marks are employed, accounts for the observed fact

that fine details are separated with single sideband methods as well

as with double sideband methods using twice the bandwidth. Thirdly,

the figures illustrate the effect of having finite dark current. This
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effect is discussed below. Observations of transmitted pictures have

shown that with the dark current of the magnitude indicated, it is

practically impossible to detect the impairment from the quadrature

component, although distortion is still evident on the computed curves.

Figure 14 shows the relatively greater tendency for the double sideband

dots to run together than the single sideband ones, for the same total

bandwidth. The contributions from the two dots are, of course, in

phase and therefore tend to add in the intervening space. It has been

pointed out that with single sideband transmission the corresponding

contributions to the quadrature component tend to cancel each other

under these conditions.
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larger component to approach the resultant. Consequently, adding

the dark current causes the resultant to become more like the in-phase

component, thus reducing distortion due to the quadrature component.

In half-tone pictures many of the transitions are in small steps.

The quadrature component for small steps is frequently small com-

pared to the total in-phase component. By reasoning similar to that

in the previous paragraph, it follows that distortion due to quadrature

component at small steps, is apt to be negligible. The quadrature

effect in half-tones is also reduced by the fact that some of the changes

are gradual.

The aperture effect has not been mentioned explicitly above. The
aperture effect may be considered as being equivalent to a certain

frequency characteristic and it may be assumed that the filter charac-

teristics shown, include it. Incidentally, it is found that the aperture

does not greatly affect the relationship between the in-phase and

quadrature components.

While it may be expected that the quadrature component should

have similar effects in picture transmission and in television, it is

perhaps desirable to point out that there are important points of

difference such as the presence of motion in the television images and

the difference in response characteristics of a television screen and a

photographic surface. It is not therefore an inevitable conclusion

that television images will be as little affected as picture transmission

images by the quadrature component.

Experimental

The conclusions are confirmed by certain experimental transmissions

which were made over a picture machine employing a single sideband

system as described by Reynolds.^ The system makes use of 100 lines

to the inch and has a total bandwidth of about 1000 cycles. The speed

of the spot of light over the picture is about 20 inches per second.

Two specimens of printing of different sizes were transmitted. A
portion of each specimen one centimeter wide, after transmission, is

shown in Fig. 15 enlarged to about five times its original size in order

to avoid interference between the half-tone pattern and the picture

pattern. Figure 15 should be viewed at about five times the normal

reading distance. Group (a) was transmitted on a single sideband

basis with the dark current reduced practically to zero. Group (b)

was similarly transmitted, excepting that the dark current was 14 db
below the maximum current. Group (c) shows a double sideband

^ Loc. cit.
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transmission over the same transducer, the carrier being located at the

center of the characteristic, the dark current being practically zero.

It will be observed that the single sideband transmission gives ma-

terially more detail than the double sideband transmission, thus indi-

cating that the presence of the quadrature component is not nearly so

serious as a halving of the frequency range. It might perhaps be

thought that this unfavorable showing of the double sideband trans-

mission is due to the presence of some special distortion which might

be expected in a filter designed for single sideband transmission when

used in a manner not intended. On examining the characteristics no

such distortion is found.
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Low Temperature Coefficient Quartz Crystals

By W. p. MASON

In this paper a review and amplification are given of the types

and characteristics of existing low temperature coefficient crystals.

The principal types are the coupled frequency crystals, the long bar

crystals, and the AT, BT, CT and DT shear vibrating crystals.

The theoretical frequencies for the A T and BT crystals agree well

with those calculated from the Christofel formula for the velocity

of propagation in an aeolotropic medium. For a finite plate other

frequencies appear which are caused by couplings to the flexure

and low-frequency shear modes. It is shown that harmonics of

the high-frequency shear mode can be excited and will have low
temperature coefficients. They can be made to stabilize the fre-

quency of ultra-short-wave oscillators. The properties of the low-

frequency CT and DT shear vibrating crystals are described.

Overtone vibrations of the shear mode of approximately twice the

frequency, having zero temperature coefficients, have been found
and these have been labeled the ET and FT cuts.

It is shown that if two or more rotations of the cut are made
with respect to the crystallographic axes, a line of zero temperature
coefficient high-frequency crystals will be obtained. For the low-

frequency shear crystals a surface of zero temperature coefficient

crystals should result.

In the last section the variation of frequency with temperature
of low coefficient crystals is discussed, and the variation of a new
cut, labelled the GT, is described. This cut has zero first and
second derivatives of the frequency by the temperature, and as a

result has a very constant frequency over a wide temperature
range. It has been applied to very constant frequency oscillators

and frequency standards and has given a constancy of frequency

considerably in excess of that obtained by other low coefficient

crystals.

I. Introduction

TOURING the past several years a number of crystal plates have
-*-^ been found which have the property that at a specified tempera-

ture their frequency will not change with a small change in temperature.

These crystals have proved very useful in stabilizing the frequencies

of oscillators used in frequency standards, broadcasting stations, radio

communication transmitters, airplane transmitters, and for other

purposes. In order to bring out their properties and spheres of

usefulness a review and amplification of them are given in this paper.

74
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The first types of zero temperature coefficient crystals were the

so-called coupled types which obtained their low coefficient by virtue

of the interaction between two modes of motion. The first crystal of

this type was the "doughnut" crystal invented by W. A. Marri-

son/ which was used in the Bell System frequency standard. In this

crystal the principal vibration is a shear and this is coupled to a

flexure motion in the ring. The low coefficient is obtained from the

fact that the shear has a positive temperature coefficient, while the

flexure has a negative coefficient, and due to the coupling there is one

region for which the temperature coefficient goes through zero. The
next crystal of the coupled type was a Y cut crystal of specified

dimensions invented by R. A. Heising.^ In this crystal a high-

frequency shear with a positive temperature coefficient was coupled

to a harmonic of a low-frequency flexure, and a zero coefficient resulted

at one temperature due to the coupling. Outside of their use in a

frequency standard, such coupled types of crystals have not been

applied much for commercial purposes on account of the difficulty of

adjusting them, the difficulty of mounting them, and the prevalence

of spurious frequencies near the desired frequency.

The next low-temperature coefficient crystals were crystals of the

long bar type. It has been known for a long time that the temperature

coefficient of an X cut crystal with its length lying along the Y or

mechanical axis was very low provided the width of the crystal lying

along the optic axis is very small compared to the length. This is

illustrated by Fig. 1 taken from a former paper ^ which shows that

for a crystal whose width is less than 0.15 of its length the temperature

coefficient is about 2 parts per million per degree centigrade. Further-

more, it was found by the writer in 1930 ^ that if the thickness of the

crystal laying along the X or electrical axis was increased the temper-

ature coefficient was decreased and in fact for certain ratios of axes

the coefficient approached zero. For a bar of square cross section the

zero coefficient occurs when the ratio of width to length is approxi-

mately 0.272. This apparently is also the method for obtaining a

low-temperature coefficient used in the Hilger resonator. The second

harmonic of this vibration has been used in the frequency standards

of the Physikalisch-Technische Reichsanstaldt.* In their standards

""A High Precision Standard of Frequency," W. A. Marrison, Proc. I. R. E.,

April 3, 1929.
2 This crystal is described by F. R. Lack in "Observation on Modes of Vibration

and Temperature Coefficients of Quartz Crystal Plates," Proc. I. R. E., July 1929,

Vol. 17, pp. 1123-1141, and Patent No. 1,958,620 issued May 15, 1934.

*" Electrical Wave Filters Employing Quartz Crystals as Elements," B. S. T. J.,

July 1934, Pages 411 and 412.
* A. Scheibe and V. Adelsberger, Ann. d. Phys. 18, 1, 1933.



76 BELL SYSTEM TECHNICAL JOURNAL

the length is cut along the X axis and the vibration is excited by
fields applied along the length of the bar. Since a rotation about the

optic or Z axis does not change the properties of the elastic constants

involved in this vibration, this bar should have a zero temperature

coefficient at about the same ratio of axes as that given above. The
zero angle of orientation is, however, not the most favorable angle of

orientation for the fundamental vibration of a long bar, for if the

length of the crystal lies at an angle of + 5° with respect to the F or

mechanical axis, the coefficient of a long bar is nearly zero.^ These

2 20
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are more difficult to cut than the standard crystals and are more
subject to couplings to other modes of motion and hence most of them
are probably of more theoretical interest than of practical value.

All of the zero coefficient crystals described above are zero coefficient

at a specified temperature only and for temperatures on either side of

the specified temperature the frequency usually increases or decreases

in a parabolic curve with temperature. This merely expresses the

fact that the frequency-temperature curve is not exactly linear, but

must be expressed more generally in a series of powers of the tempera-

ture. Then for all the crystals considered above, the first derivative

of the frequency by the temperature is zero at the specified temperature

To. The next term of importance is the square term and hence most

crystals have a frequency which varies as the square term of the

temperature about the zero coefficient temperature To- A crystal

cut, labelled the GT crystal, has recently been found for which both

the first and second derivatives of the frequency by the temperature

are zero. As a result this "GT" crystal has a very constant frequency'

over a very wide temperature range, and in fact does not vary by

more than one part in a million for a temperature range of 100° centi-

grade. For a temperature range of ± 15° C. it can be adjusted so

that it does not vary by more than one part in ten million. This

crystal has been applied to portable and fixed frequency standards

and has given a constancy of frequency considerably in excess of any

other piezo-electric crystal used under the same conditions. It has

also been applied in quartz crystal filters to give pass bands which do

not vary appreciably with temperature.

II. Standard Zero Temperature Coefficient Crystals

AT and BT Zero Temperature Coefficient Crystals

Crystals which employ the characteristics of a single shear mode of

vibration to obtain a zero temperature coefficient are the AT and BT
cut crystals.^ These crystals vibrate in shear and their frequencies

are determined principally by the thickness of the quartz plate.

Their mode of vibration is similar to the ordinary Y cut, and they

obtain their zero coefficient from the fact that the temperature coeffi-

cient of the shear mode changes from positive to negative as the angle

of cut is rotated about the X axis by positive or negative angles from

the position of the Y cut crystal. Figure 2 shows the method of

cutting these plates from the natural crystal. Figure 3 shows the

temperature coefficient of these crystals plotted against the angle of

* "Some Improvements in Quartz Crystal Circuit Elements," F. R. Lack, G. W.
Willard, and I. E. Fair, B. S. T. J., July 1934, pp. 453-463.
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RIGHT HANDED
CRYSTAL

X (+BY COMPRESSION

Fig. 2—Diagram illustrating angles used in expressing orientation oi AT and BT
plates within the natural crystal.
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cut while Fig. 4 shows the frequency constant of the crystal; i.e., the

kilocycles for one millimeter thickness plotted as a function of the

angular cut. The AT crystal which occurs at an orientation of

+ 35° — 20' has a frequency constant of 1662 kilocycles for one

millimeter thickness while the BT cut which occurs at — 49° has a

frequency constant of 2465 kilocycles for one millimeter thickness.

The frequency curve of Fig. 4 agrees very closely with the frequency

calculated from the elastic constants used in the formula for the

velocity of propagation of an aeolotropic medium given by E. B.

Christofel.'^ Christofel showed that for any direction of propagation

in an elastic solid, there were three different waves whose velocity of

propagation could be obtained from the determinant

Xll — pC', Xi2, Xi3

Xi2, X22 — PC'i X23

Xi3, X23, X33 — pC^

= 0. (1)

In this equation p is the density, c the velocity of propagation, and

X's are related to the elastic constants of the crystal by the formulae

Xii = CiiP + Ceem"^ + c-o^n'^ + Ic^emn + 2c\^nl -\- 2c\^lm,

X12 = Cie/^ + ci^m^ + CaoU^ + (c46 + C2b)fnn

+ (ci4 + Co6)nl + (ci2 + Ceejlm,

Xi3 ^ CnP + C46nP + C35w2 + (f45 + C36)fnn

+ (Cl3 + C55)nl + (fl4 + C56)lm,

X23 = Cs,6P + CanP + CsiU^ + {cu + C2z)inn

+ (C36 + Cii)nl + (C25 + Ci6)lm,

X22 = c&^P + co^ni' + Cun^ + 2c24mn + 2c46W^ + Ici^m,

X33 = c-^-Jr + di^yp + c^zn^ + Iczimn + 2czi>nl + 2cii,lm, (2)

where /, w, and n are respectively the direction cosines between the

direction of propagation and the x, y, and 2 axes. For quartz

("22 = Ci\', C2A = — ^h! ^55 = Cii', Cs6 = Cu', ("66 — ('"ll Cu) /2

and

Cn = Ci6 = C25 = C26 = C34 = C35 = ^36 = C45 = f46 = 0. (v3)

For a rotation about the x axis for which a positive angle is measured

in a counter clockwise rotation for a left handed crystal and a clockwise

direction for a right handed crystal when an electrically positive face

' See Love's "Theory of Elasticity," page 298, fourth edition.
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(determined by a compression) is up, the values of I, m, and n are

/ = 0; m = cos d\ n = — sm d. (4)

In this definition, a right handed crystal is taken as one which causes

the plane of polarization of light traveling along the Z or optic axis to

-U-2200

6^2000
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where / is the thickness of the plate. Hence for the A type vibration

which corresponds to the first velocity Cj, the frequency will be

_ 1 /c66 cos^ 6 + C44 sin^ d — Icn sin 6 cos ^ _ 1 jcee
(8)

The solid curve of Fig. 4 shows a plot of this equation while the

measured values are shown by dots.

The frequencies of the other two modes of motion are given by

2t\ p 2tM p VX22X33

where

This formula is the same as that for the frequencies given by two

coupled modes ^ and hence can be interpreted as a mode of vibration,

determined by X33, and a mode of vibration, determined by the

constant X22, coupled together through the coupling compliance X23.

For an isotropic medium one of these modes would be a pure shear and

the other a longitudinal mode, but in a crystalline medium the motions

are not strictly along or perpendicular to the direction of motion

The A type vibration which is an Xy' shear vibration is not coupled

to the other two since the coupling elasticities X12 and X13 are equal to

zero. For a more general rotation, however, they will not necessarily

be equal to zero and hence the general solution of equation (1) will

represent two shear like vibrations, the Xy and jz', and a nearly

longitudinal y/ vibration all mutually coupled together.

The Christofel formula is only valid for a plate of thickness / which

extends to infinity in all other directions and hence this solution does

not show the coupled frequencies due to the contour dimensions which

occur in a finite plate. In general there are two types of vibration

which couple strongly to the A type vibration, the low-frequency

shear modes and the flexure modes in which bending occurs in the

xy' plane. As pointed out by Lack, Willard and Fair,^ both the AT
and the BT occur near angles of cut for which the coupling to the

Zx' low frequency shear mode vanishes. Hence one would expect that

these crystals would have fewer subsidiary resonances and this

expectation is verified by experiment. A practical result is that the

* "Electrical Wave Filters Employing Quartz Crystals as Elements," W. P.

Mason, July 1934, page 444, B. S. T. J.

'"Some Improvements in Quartz Crystal Circuit Elements," B. S. T. J., July
1934. The problem of couplings is discussed in more detail in the U. S. Patent
2,173,589, Sept. 19, 1939 issued to R. A. Sykes and the writer. In this patent the
AC cut and the — 18.5° A' cut crystals are described.
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A T and BT crystals can control considerably more powerful oscillators

without danger of the crystals breaking than can the X or Y cut

crystals. The frequency spectrum of an ^7" cut plate ground down
from a large ratio of dimensions to a smaller one is shown on Fig. 5.

2100

2000

o
z
o
O 1 800

10

9 10 11 12

LENGTH OF X AXIS IN MILLIMETERS
13

Fig. 5—Frequency spectrum (dots) for an AT plate as a function of ratio of length
to thickness. The dashed lines represent calculated flexural vibrations. The whole
line is the principal shear mode. The dot dash lines are other shear modes.

Most of the prominent frequencies can be identified as shear frequencies

of the type discussed in a previous paper ^^ and harmonics of flexure

^""Electrical Wave Filters Employing Quartz Crystals as Elements," W. P.
Mason, B. S. T. J., July 1934, page 446. The verification was made by R. A. Sykes
who kindly supplied Fig. 5.
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vibrations. This figure shows clearly that the strongest flexures en-

tering are controlled by the length of the X axis rather than the Z' axis.

As shown by equations (6), (7) and (8) the AT and BT cut crystals

have odd harmonic vibrations which are controlled by the same

elastic constants as the fundamental vibrations. Since they are

controlled by the same elastic constants, the harmonic vibrations have

the same temperature coefficients as the fundamental mode and hence

will have nearly zero coefftcients. This property has been made use

of in oscillators in controlling high-frequency vibrations with crystals

whose thicknesses can be obtained commercially.

CT and DT Low-Frequency Zero Temperature Coefficient Crystals

Another set of zero temperature coefificient crystals which are

particularly useful for low frequencies has recently been described by

Hight and Willard." They are related to the AT and BT cuts dis-

cussed above in that they use the same shearing motion to produce

the low coefificient. This relation is illustrated by Fig. 6 which shows

NODAL
plane'

electrical axis

Fig. 6—Relation between the A T and DT cuts.

'1 "Presented before the Institute of Radio Engineers, March 3, 1937. PubHshed
in I. R. E. Proc. May, 1937, p. 549. Similar crystals are also discussed in U. S.

Patents 2,111,383 and 2,111,384 issued to S. A. Bokovoy.
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the approximate orientations of the AT cut and the DT cut. In the

A T plate the Xy strain is produced by a shear mode of vibration as

shown by the arrows which represent instantaneous displacements.

In the DT plate the xj strain is produced by a shear mode of vibration

as shown again by the arrows. Two diagonally opposite corners

move radially outward while the other two move radially inward.

The relatively low frequency of the DT plate results from the relatively

large frequency-determining dimensions x and y' . The temperature

coefficient of frequency of these plates may be made zero, for the

proper angles of cut, since it goes from a large positive value at one

orientation to a large negative value for an orientation 90 degrees from

the first. Actually the angle of cut of the DT plate is not exactly

90 degrees from the AT. This is due to the fact that the frequency
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formula was developed for the frequency which is

where d = x — z' [{ the plate is square and d = (x -\- z')/2 if only

nearly square. The elastic constant 555' depends on the orientation

angle 6 according to the equation,

555' = Sii cos^ 6 + ^66 sin^ 9 + 45i4 sin 6 cos 6. (11)

Figure 7 shows the measured values of frequency and the values

calculated from equations (10) and (11). Agreement is obtained

within 2 per cent.

From equations (10) and (11) the temperature coefficient of fre-

quency of a shear vibrating plate should be for a square crystal

Tf=- (1/2)

'^ c;n2 /:) J_ IcT a\r, ft nr,a ft 1

(12)
£44^844 cos^ d + s^eTsee sin^ 9 + 4:SuTsu sin d cos d

Sii cos^ d + 566 sin^ 6 + 45i4 sin 6 cos 6

The temperature coefficient of length along the optic axis is about

7.8 parts per million (per degree centigrade) while that perpendicular

to the optic axis is 14.3 parts per million. For any other direction

Ti = 7.8 + 6.5 cos2 d, (13)

where 6 is the angle between the length and the optic axis. Hence

n = 14.3; T/ = 7.8 + 6.5 cos^ d,

and
Tp = - 36.4 per degree C. (14)

The temperature coefficients of the six elastic constants were evaluated

in a former paper. ^^ Since then they have been slightly revised so

that the best values now are

n„ - + 12, Tc^ = -54.0,

Ts,, = - 1,265, this Tc,, = - 2,350,

rs,3 = - 238, results in Tc,, = - 687,

r«,4 = + 123, r,., = + 96, (15)

r.33 = + 213, r.33 = - 251,

r.,, = + 189, Tr,, = - 160,

r.,, = - 133.5, r.,, = + 161.

^^ "Electric Wave Filters Employing Quartz Crystals as Elements," VV. P. Mason,
B. S. T. J., 13, p. 446, July 1934.
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Using these values in equation (12) the expected temperature coeffi-

cients for the low-frequency vibration are as shown on Fig. 8 The

measured points are shown on the curve. The zero temperature coeffi-

cients occur at the angles + 38° and — 53°. These crystals have been

designated the CT and DT low-frequency shear crystals. These types

of crystals are useful for stabilizing low-frequency oscillators ranging

from 50 KC to 500 KC.

Just as the AT and BT crystals have harmonics which can be used

to control oscillator frequencies, so also do over-tones of the low-

frequency shear crystals exist. They do not bear, however, the simple

y <

Z H

z o

-100
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Practically all the work done has been on square or nearly square

plates. Some time ago Bechmann ^* and Koga ^^ published work done

on crystals which departed from the square shape for which zero coeffi-

cients were obtained at somewhat different angles and different frequen-

cies than those given for the CT and DT crystals. This is due to the

fact that when the crystal shape departs from the square, the frequency

approaches more nearly the resonant frequency of the crystal vibrating

in its second flexure mode and the increased coupling changes the angle

for which the coefficient becomes zero. The square crystal is the one

which has fewer secondary frequencies and is therefore more desirable.

2 6 000

< 4800
I-
<0

ir -90° -60° -30° 0° 30° 60° 90°
^ ROTATION ABOUT X AXIS IN DEGREES

Fig. 9—Frequency constant for E and F type vibrations.

III. Zero Temperature Coefficient Crystals for More
General Orientations

Shortly after the discovery of the ^ T and BT crystals it was realized

that zero temperature coefficient crystals could be obtained at a variety

of angles provided two rotations of the crystal with respect to the

crystallographic axes were used. This would allow the direction of

the shearing axis to point in any direction with respect to the crystallo-

graphic axes. Using the c^g constant as the elastic constant determin-

ing the frequency, it was found that there was a whole series of zero

" R. Bechmann, Hochfrequenstechnik u ElektroakusHc, Vol. 44, No. 5, p. 145.

" I. Koga, Report of Radio Research in Japan, Vol. IV, No. 2, 1934. See also

Patents 2,111,383 and 2,111,384 issued to S. A. Bokovoy.
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temperature coefficient crystals whose plot as a function of the two

rotations would be a line in which the A T and BT cuts would be in the

region of two points on the line. A few of these crystals whose angles

were in the region of the A T crystal were measured and were found to

have zero coefficients but also had a much more complicated frequency

spectrum than the AT or BT crystals when cut to have their major

faces more nearly parallel to the x axis.

Recently Bechmann ^^ has made calculations and experiments in

respect to double orientation crystals which have zero temperature

coefficients. The calculations were made by means of the Christofel

formula of equations (1) and (2). Although this gives the same result

as that calculated from the constant Cee' for rotations around the x axis,

it differs from it somewhat for more general rotations. If we expand

equation (1) we obtain the cubic equation for the frequency of

oscillation.

- Ja'/b'/cK^ - Kab' -Kac-- Kbc' + IKabKacKbc) = 0, (16)

where

r _ C_ _ VXll/p ^ VX22/P
. r ^ VX33/P

^ "
2t'

^^ ~
It '' ^^~ 2t ' ^^ 2t

j^ X12 j^ Xi3 „ X23
J^AB —

I
; J^AC — r

', J^BC
'VX11X22 vXiiXas '\X22X33

Ja, /jB. fc can be interpreted as the three primary frequencies and would

correspond to the three solutions of (16) if the couplings Kab, etc.,

were zero. The three solutions of (16) then will be these three primary

modes modified by the coupling between them. If we let

P = LifA'-^fB'+fc') - SUAja'Ci- - Kab')

+ ///c^(l - Kac') +fB'fc' (1- Kbc')']U9, (17)

Q = [2(/^^ + Jb' + Icy - 9(fA' + Ib' + fc')

X [///^2(1 - Kab') +fA'fc'{i - Kac') -^-fs'fc'a - Kbc')1

+ 27fA'fB'fc'{l - Kab' - Kac' - Kbc' + 2KabKacKbc)']/S4,

^^ "Researches on Natural Elastic Vibrations of Piezo-Electrically Excited Quartz
Plates," R. Bechmann, Zeit.f. Technisch Physik, Vol. 16, No. 12, 1935, pp. 525-528.
This multiple orientation of high-frequency shear crystals is also the basis of the
V cut crystal of Bokovoy and Baldwin discussed for example in British Patent
No. 457,342 issued May 27, 1936.
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and set

the three solutions will be

'A , ifA'+fs'+fc')
1 = ^/2VPcos| +

/,,3=^-2VPcos(|±^)+(/^1+41±M. (1 8)

From these equations and equation (2), the frequencies and tempera-

ture coefficients of all three modes of motion have been calculated by
Bechmann. Based on these calculations the angles of zero coefficient
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Fig. 10—Angles of cut for zero temperature coefficient high-frequency
shear crystals for two rotations.

are shown on Fig. 10 for the angular placement of the direction of

propagation adopted on Fig. 11.

Using the empirical formula (10) for the low-frequency shear vibra-

tion a surface of zero coefficient low-frequency shear vibrating crystals

can be calculated. ^^ For this crystal three angles are required to

" Multiple orientation low- and high-frequency shear crystals are discussed in
British Patent 491,407 issued to the writer on September 1, 1938.
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RIGHT HANDED
CRYSTAL

X (+BY compression)

Fig. 11—Angular system for locating the axis of shear of high-frequency
crystals with two rotations.

specify the position of the plate since, for a low-frequency shear crystal,

rotating the plate around its shearing axis will change the 555' constant

and hence the frequency and temperature coefficient of the plate. If we
let the position of the plate with respect to the crystalline axes be de-

noted by the angles, 6, 97 and 7, measured as shown on Fig. 12 it can be

RIGHT HANDED
CRYSTAL

4fi

X (+ BY compression)

Fig. 12—Angular system for locating low-frequency shear crystals

with three rotations.
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shown that the 555' constant is given by the equation

Sbb = (su — 2si3 + -^33) cos^ i// sin^ 2(p + 566 sin^ 95 sin^ i//

+ 4^14 sin (p [sin 36 cos (p (cos^
\l/

cos^ (p — sin^ \f/)

+ cos 3^ sin i// cos \}/ (cos 2^ + cos^ (ip)J

+ 544 (cos^ \}/ cos^ 2^ + sin^ i// cos^ ^), (19)

where the angle 7 is given in terms of a new angle xp and (p by the

equation

cos 7 = sin 97 cos \p.

"

(20)

If we introduce this expression into equation (12) and introduce the

numerical values of equation (15), the expression for the temperature

coefficient of a low-frequency shear crystal cut at any angle becomes

Tr = .c,on^-'> 2,, •'^L^- 5877.5 cos^ 4. sin^ 2^
4.5 + 2.9 (sm^ (p cos^ x}/ + cos- (p) + '

195cos2i/'sin2 295

+ 15790 sin^ (p sin^ \p + 10340 sin (^ [sin 3d cos 99 (cos^ \p cos 2y; — sin^ i^)

+ 292,8 sin^ cp sin^ \p — 172A sin ^ [sin 3d cos 99 (cos^ xj/ cos 2^9 — sin^ i/')

+ cos 3^ sin
\l/
cos 1^ (cos 295' + cos^ <p)^

+ cos 3^ sin \p cos i/' (cos 2^? + cos^ <p)'}

— 19,525 (cos^ \p cos^ 2<p + sin^
\l/

cos^ 99)

+ 200.5 (cos^ \j/ cos^ 2^9 + sin^ ij/ cos^ 99)
(21)

Figure 13 gives a contour map of the location of the angles of zero

temperature coefficient. The dotted lines indicate the paths for which

the piezo-electric constant is a maximum and hence for which the

crystal is most easily excited.

IV. A New Crystal Cut, Labeled the GT Crystal, Which Has A
Very Constant Frequency for A Wide Temperature Range

All of the zero temperature coefficient crystals so far obtained have a

zero temperature coefficient only for a specified temperature, while on

either side of this temperature the frequency either increases or de-

creases in a parabolic curve with the temperature. This is well illus-

trated by Fig. 14 which shows a comparison of the frequency stability

of the standard zero temperature coefficient crystals over a wide tem-

perature range. What is plotted is the number of cycles change in a

million from the zero coefficient temperature. These curves show

that for a 50° C. change from the zero coefficient temperature the fre-

quency of standard zero temperature coefficient crystals may change

from 30 to 140 parts per million. The curves are usually nearly para-
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Fig. 13—Contour map of zero temperature coefficient low-frequency
shear crystals with three rotations.
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bolas. This is what would be expected for in general we can write the

frequency as a function of temperature by the series

/ = /o[l + a,(T - To) + OoCr - ToY + asCr - ToY +•••], (22)

where To is any arbitrary temperature. Differentiating / with respect

to T we have

^ = /o[ai + 2a.XT - To) + 3az{T - To)' +•••]• (23)

For a zero coefficient crystal the change in frequency will pass through

zero at some temperature To- Hence cfi — 0, and the frequency will

then be

/ = /o[l + a,iT - To)' + a^iT - To)' +•••]• (24)

Since a2 will ordinarily be much larger than succeeding terms, a

parabolic curve will be obtained. If a^ is positive the frequency will

increase on either side of the zero coefficient temperature To and if

negative it will decrease.

Recently a new crystal cut, labeled the GT, has been found for

which both ai and az are zero. As a result the parabolic variation with

temperature is eliminated and the frequency remains constant over a

much wider range of temperature. The variation obtained is plotted

on Fig. 14 by the curve labeled GT, and, as can be seen, the frequency

does not vary over a part in a million over a 100° C. change in tem-

perature.

This crystal, which wall be described in a forthcoming paper, has

found considerable use in frequency standards, in very precise oscilla-

tors, and in filters subject to large temperature variations. It has

given a constancy of frequency considerably in excess of that obtained

by any other crystal.



A New Standard Volume Indicator and
Reference Level *

By H. A. CHINN,t D. K. GANNETT, and R. M. MORRIS J

In recent years it has become increasingly difficult to correlate

readings of volume level made by various groups because of

differences in the characteristics and calibrations of the volume
indicators used. This paper describes a joint development by the

Columbia Broadcasting System, National Broadcasting Company,
and Bell Telephone Laboratories which resulted in agreement
upon, and standardization in the respective broadcast and Bell

System plants, of: a new copper-oxide rectifier type of volume
indicator having prescribed dynamic and electrical characteristics;

a new reference level based on the calibration of the new instrument
with a single frequency power of one milliwatt; and a new ter-

minology, the readings being described in "vu." It is hoped that

other users of volume indicators will join in the adoption of these

new standards.

The paper gives in considerable detail the technical data and
considerations on which was based the choice of the characteristics

of the new volume indicator and the other features of the new
standards. Particular attention is paid to the technical data

supporting the decision to make the new volume indicator

approximately an r-m-s rather than a peak-reading type of

instrument.

Introduction

^
I
^HE student of electrical engineering, when Introduced to alter-

^ nating current theory, learns that there are three related values

of a sine wave by which its magnitude may be expressed. These are

the average value, the r-m-s (or effective) value, and the peak (or crest)

value. Certain fundamental electrical measuring devices provide

means for determining these values. As the student's experience

broadens, he becomes familiar with complex, non-sinusoidal periodic

waves and finds that these waves have the same three readily measured

values. He learns how to determine from the problem under con-

sideration whether the average, the r-m-s or the peak value of the wave

is of primary importance.

* Presented at joint meeting of A. I. E. E. and I. R. E., San Francisco, California,

June 1939, and at Fourteenth Annual Convention of I. R. E., New York, September
1939.

t Mr. Howard A. Chinn is Engineer-in-Charge, Audio Engineermg, Columbia
Broadcasting System, Inc.

X Mr. Robert M. Morris is Development Engineer, National Broadcasting
Company, Inc.
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If the student later enters the field of communication engineering,

he immediately encounters waves which are both very complex and

non-periodic. Examples of typical speech and music waves are shown

in the oscillograms of Fig. 1. When an attempt is made to measure

such waves in terms of average, r-m-s or peak values, it is found that

the results can no longer be expressed in simple numerical terms, as

these quantities are not constant but variable with time and, moreover,

are apparently affected by the characteristics of the measuring instru-

ment and the technique of measurement. However, the communica-

tions engineer is vitally concerned with the magnitude of waves of the

sort illustrated, as he must design and operate systems in which they

are amplified by vacuum tubes, transmitted over wire circuits, modu-

lated on carriers, and otherwise handled as required by the various

communication services. He needs a pra.ctical method of measuring

and expressing these magnitudes in simple numerical fashion.

This need may be better appreciated by considering the communica-

tion systems employed for broadcasting. These are very complicated

networks spread over large geographical areas. A typical network

may include 15,000 miles of wire line and hundreds of amplifiers situ-

ated along the line and in the 50 to 100 connected broadcasting stations.

Every 15 minutes during the day the component parts of such a system

may be shifted and connected in different combinations in order to

provide for new points of origin of the programs, and for the addition

of new broadcasting stations and the removal of others from the

network. In whatever combination the parts of the system are put

together, it is necessary that the magnitude of the transmitted program

waves, at all times and at all parts of the system, remain within the

limits which the system can handle without impairment from over-

loading or noise. To accomplish this, some convenient method of

measuring the amplitude of program waves is needed.

These considerations led to the conception of a fourth value, known

as "volume," whereby the magnitude of waves encountered in elec-

trical communications, such as telephone speech or program waves,

may be readily expressed. This value is a purely empirical thing,

evolved to meet a practical need. It is not definable by means of a

precise mathematical formula in terms of any of the familiar electrical

units of power, voltage or current. Volume is simply the reading of

an instrument known as a volume indicator, which has specified dy-

namic and other characteristics and which is calibrated and read in a

prescribed manner. Because of the rapidly changing character of the

program wave, the dynamic characteristics of the instrument are fully

as important as the value"of sine wave power used for calibration. The
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readings of volume have been customarily expressed in terms of decibels

with respect to some volume level chosen as the "reference" level.

In the past, because of a lack of complete understanding of the

matter, there has been little uniformity in the design and use of volume

indicators, although attempts have been made by some organizations

toward standardization. The devices used were of the r-m-s and peak-

reading types having slow, medium or high pointer speeds; half- or

full-wave rectifiers; critically to lightly damped movements and refer-

ence levels based on calibrations with 10~^, 1, 6, 10, 12^ or 50 milliwatts

in 500 or 600 ohms. This great array of variables led to considerable

confusion and lack of understanding, especially when an attempt was

made to correlate the measurements and results of one group with

those of another.

To remedy this situation, the Bell Telephone Laboratories, the

Columbia Broadcasting System and the National Broadcasting Com-
pany entered upon a joint development effort during January 1938,

with the object of pooling their knowledge and problems, of pursuing

a coordinated development program, and of arriving at a uniform

practice of measuring volume levels. The outcome of this work is a

new volume indicator, a new reference volume level, and new ter-

minology for expressing measurements of volume level. The results

of this development work have been discussed with, and approved by,

more than twenty-four other organizations, and were presented at an

open round table conference at the Annual Convention of the Institute

of Radio Engineers on June 17, 1938. During May 1939, it was

adopted as standard practice by the above two broadcasting companies

and the Bell System, and it is hoped that they will be joined by others.

It is the purpose of this paper to describe the new standards and the

considerations which led to their adoption.

Early History of Volume Indicators

As a background for understanding the present development, it

will be helpful to review briefly the early history of volume indicators.

The particular occasion for the development of the first volume indi-

cator was the setting up of the public address system which enabled

the ceremonies attendant upon the burial of the Unknown Soldier on

Armistice Day 1921, to be heard by large audiences at Arlington, New
York and San Francisco. ^ It was noted in some of the preliminary

tests that distortion due to overloading of an amplifier was more ob-

jectionable when heard in a loud speaker than when heard in an ordi-

1 "Use of Public Address System with Telephone Lines," W. H. Martin and A. B.

Clark, Transactions A. I. E. E., February' 1923.
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nary telephone receiver. Consequently, to avoid overloading the

telephone repeaters when they were used on the public address circuits,

a device was proposed which would give visual indication on an instru-

ment when the speech level was such as to cause the telephone repeaters

to overload.

Further development of this idea led to the experimental device

which was used in the Armistice Day ceremonies and which later,

with no fundamental change, became the well-known 518 and 203

types of volume indicators. This device consisted of a triode vacuum

tube functioning as a detector, to the output of which was connected

a d.-c. milliammeter. Associated with the input was a potentiometer

for adjusting the sensitivity in 2 db steps. The method of using the

device was, to adjust the potentiometer so that the maximum move-

ment of the milliammeter needle reached the mid-scale point on an

average of about once every ten seconds, occasional greater deflections

being disregarded. The volume level was then read from the setting

of the potentiometer which was marked in decibels with respect to a

reference volume level.

The reference level was chosen as that level of speech which, when

transmitted into the long telephone circuits, would cause the telephone

repeaters with which they were equipped to be just on the verge of

overloading as evidenced by audible distortion. The gains of the

telephone repeaters were normally adjusted so that the level at their

outputs was 10 db higher than at the sending end of the circuit.

Reference volume was therefore specifically defined as 10 db below the

maximum speech level which could be satisfactorily transmitted

through the particular amplifier and vacuum tube used in the telephone

repeaters. This level was determined experimentally and the po-

tentiometer steps of the volume indicator were marked accordingly.

The reference volume was also approximately the volume delivered

over a short loop by the then standard subset when spoken into with

a fairly loud voice.

It is apparent that the volume indicator was born in response to a

definite need, and it has filled an important niche in the rapidly growing

radio broadcasting industry and in other communication fields. Large

numbers of volume indicators similar to this early type have continued

in service to the present time.

It is a frequent characteristic of a rapidly expanding art that at

first standards multiply, and finally a point is reached where simplifica-

tion and agreement upon a single standard becomes imperative. This

has occurred in connection with volume indicators and since the de-

velopment of the first one, a variety of instruments have been produced
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by the various manufacturers and have come into service in the plants

of the different companies. These instruments had different calibra-

tions and characteristics with little correlation between their readings.

A further divergence occurred, regarding the philosophy of the cali-

bration of the original type of volume indicator. One view recognized

no correlation between the point at which the galvanometer was

normally read on peaks (the 30 division point on the scale, Fig. 12)

and the power of six milliwatts used for calibration. When calibrating

the instrument on six milliwatts of sine wave energy in- 500 ohms, the

galvanometer would read 22 divisions with the associated sensitivity

switch on step zero. There was not intended to be any correlation

between this calibrating power and reference volume. Nevertheless,

many people were led by this technique of calibration to refer to the

volume indicator as a 6-milliwatt instrument. This idea was furthered

by the fact that the vacuum tube to whose speech-carrying capacity

the reference volume was originally referred, has a nominal full load

capacity on sine waves of 60 milliwatts. The reference volume being

defined as 10 db below the maximum output of this tube, it was

natural to try to relate this reference volume to the corresponding

figure of 6 milliwatts for sine waves.

The second view was based on the experimental fact that when the

potentiometer controlling the sensitivity was set at "0 db," a sine

wave potential of 2.5 volts (r-m-s) applied to the volume indicator

caused a deflection to mid-scale (scale reading of 30 divisions). This

was equivalent to 12.5 milliwatts in a 500-ohm circuit, and the sup-

porters of this view therefore referred to the volume indicator as a

12.5-milliwatt instrument.

Thus the same volume indicator, having the same sensitivity and

giving the same readings of volume level, was variously referred to as

a 6-milliwatt and a 12.5-milliwatt device. This increased the difficulty

of coordination between the plants of the different companies which

are interconnected in rendering broadcast service.

Some degree of standardization of the technique of reading volume

levels had already been made within different organizations both here

and abroad. The importance of the present development lies not

only in the particular merits of the proposed standards, but also in

the fact that they have been jointly developed and adopted by three

of the larger users of volume indicators, and have been approved by

many others. Thus there is good prospect that the needed standard-

ization is about to be realized, and that all will shortly use the same

instruments, the same reference levels, the same terminology, and the

same nominal value of circuit impedance.
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Choice of Peak vs. R-M-S Types

General

The first important decision to be made and one which would affect

the entire character of the development was whether the new volume

indicator should be of the r-m-s or of the peak-reading type. These

two types of instrument represent two schools of thought. The peak-

reading instrument is favored for general use by many European

engineers and is specified by the Federal Communications Commission

for use as modulation monitors in this country. The r-m-s type has,

however, been commonly employed in this country on broadcast pro-

gram networks and for general telephone use. In view of the impor-

tance of the decision and the difference of opinion that has existed, the

data on which the choice was made are given below in considerable

detail.

In accord with common practice, the terms "r-m-s" and "peak-

reading" are used rather loosely throughout this paper. The essential

features of an r-m-s instrument are some kind of rectifier or detector

and a d.-c. milliammeter. The latter is not especially fast, generally

requiring tenths of a second to reach substantially full deflection.

Obviously, if a sufficiently slow wave is applied, say one whose fre-

quency is one or two cycles per second, the instrument can follow it

and the true peaks of the wave will be indicated, but when much higher

frequency waves are applied, such as the complex speech or program

waves, the instrument is too slow to indicate the instantaneous peaks

but averages or integrates whole syllables or words. As shown by

tests and practical experience, it is of secondary importance whether

the detector actually has an r-m-s (or square law) characteristic, or

has a linear or some intermediate characteristic.

A peak-reading instrument capable of truly indicating the sharpest

peak which might occur in a high quality program wave would have

to respond to impulses lasting only a very small fraction of a milli-

second. Cathode-ray oscilloscopes or gas tube trigger circuits are

capable of doing this, and therefore might be used as peak-reading

volume indicators. However, the so-called peak-reading volume indi-

cators used in practice, designed to give a visual indication on an

instrument, are far from having the above speed although they are

much faster than the r-m-s instruments. They generally respond to

impulses whose duration is measurable in hundredths or thousandths

of a second. They therefore truly indicate the peaks of sine-wave

voltage whose frequency does not exceed, say, 50 to 100 cycles per

second. They are similar to the r-m-s instruments in that they are
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not fast enough to indicate the instantaneous peaks of speech or

program waves but tend to average or integrate a number of peaks of

the wave.

A feature of the usual peak-reading instrument which from the

analytical standpoint is of secondary importance, is that it is usually

given a characteristic of very slow decay as well as rapid response.

This is usually accomplished by a circuit such as illustrated in Fig. 2,

which shows the principle of the experimental instrument used in the

tests described later. The 0.01-mf. condenser is charged through a

full wave vacuum tube rectifier, the rates of charge and discharge

being determined by the resistances. The d.-c. amplifier and d.-c.

milliammeter indicate the charge on the condenser. The advantage of

making the discharge rate of the condenser very slow is that the d.-c.

CONTROLS SPEED R2
OF RESPONSE CONTROLS RATE

OF DECAY

D-C
MILLIAMMETER

Fig. 2-—Schematic diagram of experimental peak reading volume indicator.

milliammeter need not then be particularly fast and, moreover, the

ease of reading the instrument is greatly increased.

From the above analysis it is seen that the r-m-s and the peak-

reading instruments are essentially similar and differ principally in

degree. Both indicate peaks whose durations exceed some value

critical to the instrument and both average or integrate over a number

of peaks the shorter, more rapid peaks encountered in speech or pro-

gram waves. Either may have a linear or a square law detector, or

one of some intermediate characteristic. The important difference

between the two types lies in the speed of response as measured by the

length of impulses to which they will fully respond, that is, in the time

over which the complex wave is integrated.

A general purpose volume indicator may be called upon to serve a

number of uses, such as:

{a) Indication of a suitable level for a speech or program wave to

avoid audible distortion when transmitted through an amplifier,

program circuit, radio transmitter or the like.
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(b) Checking the transmission losses or gains iij an extended program

network by simultaneous measurements at a number of points

on particular peaks or impulses of the program wave which is

being transmitted.

(c) The indication of the comparative loudness with which programs

will be heard when finally converted to sound.

(d) The indication of a satisfactory level to avoid interruption of

service due to instantaneous overloads tripping protective

devices in a radio transmitter, damage to sound recording

systems, etc.

(e) Sine-wave transmission measurements.

These services are different in nature and the ideal requirements for

an instrument for each may not necessarily be the same. One instru-

ment to serve them all must, therefore, be a compromise. From the

standpoint of the companies engaged in this development, items (a),

{b) and (c) in the above list were considered to be the most important

and therefore attention was first directed to the relative merits of the

two types of volume indicators with respect to them.

Aural Distortion Due to Overload

Tests of volume indicators as overload indicators with aural distor-

tion as the criterion [item (a)] had previously been made on a number

of occasions and more tests were undertaken during the present de-

velopment. The general procedure in such tests is to determine for

some particular amplifier the volume level at its output at which dis-

tortion due to overloading can just be heard by a number of observers

on each of a variety of programs. The volume levels thus determined

are read on the various volume indicators which are being compared.

The best instrument is considered to be the one whose readings are

most nearly alike for all the programs when overloading can just be

detected.

The sole criterion of distortion due to overloading is the judgment of

observers, since it is the final reaction on listeners which is of impor-

tance. This judgment is not subject to exactness of measurement, but

is in fact somewhat of a variable, even with conditions unchanged and

with the most experienced observers. For significant results to be

obtained, therefore, a careful technique of conducting the tests is

required, many observations must be made, and statistical methods of

analyzing the resultant data must be employed.

The arrangement of equipment and circuits used in these tests is

shown in simplified form in Fig. 3. A source of program, which may
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be a phonograph pickup, a direct microphone pickup, or a program

circuit, is connected through control circuits to the ampHfier which is

to be overloaded, and thence through additional circuits to a loud

speaker. The loud speaker employed in the tests reported here was

a special high quality two unit loud speaker having a response which is

substantially flat from 40 to 15,000 cycles per second.^ Including the

power amplifier used with it, the overall response of the system was

substantially uniform from 40 to 11,000 cycles.

The arrangement of the circuit is such that the volume level at the

output of the test amplifier may be raised or lowered while keeping the

overall gain of the system constant. Two controls are provided for

this purpose. One, operated by a key, transfers a 15 db loss from

ahead to behind the test amplifier. This permits comparing a test

POWER
AMPLIFIER

coupled attenuators
(sum of losses constant)

test a
S>AAAr9 AMPLIFIER 9 9
I
15 DB I

loud
SPEAKER

VOLUME
indicators

2-position key
conditions a and B

Fig. 3—Arrangements for determining volume level at which overload
of amplifiers is audible.

condition with a reference condition in which the load on the amplifier

is 15 db lower, while the loudness with which the program is heard

remains the same for either condition. The other control, represented

in Fig. 3 by the coupled attenuators, permits the load on the amplifier

for the test condition to be varied, also without changing the loudness.

The volume indicators to be compared are connected for convenience,

to a point where the volume level is unaffected by the controls. Their

readings are corrected for each test by the measured loss or gain be-

tween the point where they are situated and the output of the test

amplifier, so as to express the levels which would be read at the

amplifier output.

Two techniques were employed for conducting tests with this equip-

ment. In one, the individual method, a single observer at a time

2 "Auditory Perspective—Loud Speakers and Microphones," E. C. Wente and
A. L, Thuras, Electrical Engineering, January 1934.
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listens to the program and adjusts the volume level at the output of

the amplifier by means of the coupled attenuators, until he determines

the point at which distortion due to overloading is just audible, when

the key is operated from the reference to the test condition. This is

repeated for a number of different programs and observers until a large

number of observations have been obtained. The volume levels indi-

cated by the different volume indicators at the amplifier output are

determined for each observation. These are found to have a con-

siderable spread, due not only to the differences in the nature of the

programs but also to differences in the acuity of perception of the

distortion by the various observers. The method of analyzing the

data is described later.

In the second technique, the group method, a group of observers

simultaneously listens to a program which is repeated with the key

operated alternately to the test and reference positions. The two

conditions are distinguished to the observers (but not identified as to

which is which) by a letter associated with each condition in an

illuminated sign. The letters A, B and C are used, two being chosen

at random for each test. A vote is taken as to which condition, desig-

nated by one of the two letters employed in the particular test, is

preferred with respect to freedom from distortion. A number of such

tests, covering the range from a level below the point where distortion

can be detected by anyone to a level high enough for all to observe

distortion, establishes a curve between the per cent of observers

correctly choosing the reference condition as having the least distor-

tion, and the amplifier output level as read by each volume indicator

used in the tests. Similar curves are determined for a number of

kinds of program material, and for purposes of comparison the overload

point for each program is taken from the point on the curve for each

volume indicator, where 80 per cent ^ of the observers voted correctly.

As noted, judgment tests of this sort require many observations and

checks to obtain reliable results. A larger volume of data is available

for the individual method, so the results from tests made by that

method have been chosen to be reported here. Some tests have also

been made with the group method and, while the results are less

conclusive, they substantiate those recorded below.

Tests by the individual method to compare peak-reading and r-m-s

volume indicators have been carried out a number of times during the

past two years. In each of these tests a number of observers have

taken part and a number of samples of program material of a variety of

' "Audible Frequency Ranges of Music, Speech and Noise," W. B. Snow, Journal
of the Acoustical Society of America, July 1931.
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types have been employed. For the majority of the tests, the sources

of program were high quaUty recordings, convenient because of the

ease and exactness with which the programs could be repeated. For

some of the tests, however, actual speakers and musical instruments

were employed with direct microphone pickup.

A number of the types of volume indicators in common use were

represented in these tests. Since the 700A Volume Indicator was

common to all of the tests, it has been chosen to represent the r-m-s

type of volume indicator in the data presented below. The peak-

reading type was represented by the especially constructed experi-

mental instrument, whose fundamental circuit is shown in Fig. 2.

The resistances controlling the rates of charge and discharge of the

condenser were adjustable, permitting a range of characteristics to be

obtained. The adjustments for which the data referred to below were

obtained, correspond to a rate of charge of the condenser such that

impulses of single frequency applied to the input for 0.025 second would

give a reading within 2 db of the reading obtained with a sustained

wave of the same amplitude. The rate of discharge of the condenser

was about 19 db per second. These rates are generally similar in

magnitude to those specified by the International Consultative Com-
mittee on Telephone Transmission (the C. C. I. F.) for broadcast

service, and by the Federal Communications Commission for modula-

tion monitors.

The d.-c. amplifier and d.-c. milliammeter which indicates the charge

on the condenser included features, not shown in the simplified sketch,

which made the response logarithmic. The instrument had a sub-

stantially uniform decibel scale covering a range of 50 db.

The data from four different series of tests, made at different times,

were collected in one body, and distribution curves were plotted show-

ing the relative frequency of occurrence among the data of the different

levels at which incipient overload was detected. Curves for tests on

a Western Electric 94B Amplifier, which is an amplifier designed with

negative feedback and therefore having a relatively sharp cutoff,

similar to a radio transmitter, are illustrated in Fig. 4. It will be

noted that the curve obtained with the r-m-s volume indicator has a

slightly greater spread than that for the peak-reading volume indicator.

Twelve different observers took part in these tests, and 13 samples of

program were employed, including male and female speech, dance

music, piano, violin and brass band selections.

The data may more readily be interpreted when plotted in the form

of cumulative distribution curves, obtained by integrating the above

distribution curves. Cumulative curves for the data just referred to
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are shown in Fig. 5. For convenience and ease of interpretation, these

curves have been plotted on "probability" rather than rectangular

coordinates, as probability coordinates have the property of making
data whose distribution follows a normal law * form a straight line.

It will be noted that the experimentally determined points actually

fall so nearly on straight lines, that it is reasonable to assume straight

lines to represent them. It is likely that with a greater volume of

data, still greater conformity to the straight lines drawn, would be

obtained.

In order to superpose the curves for the two volume indicators, the

levels are plotted in decibels with respect to the average overload level

<
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uses. In either case, on the average, half of the listeners will hear

distortion when the program is loudest. However, this result would

probably be considered too poor, so suppose the maximum level is

lowered 3.5 decibels. Referring to the curves, it is seen that if the
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peak-reading volume indicator is used, only about 5 per cent of the

listeners will now on the average hear distortion on the loudest program

passages, while if the r-m-s instrument is used, about 10 per cent will

hear distortion. To reduce the latter figure to 5 per cent would require

lowering the maximum volume level another decibel. Thus with this

criterion, the peak instrument has a slight advantage, as it would

permit the transmission of a 1 decibel higher average volume level for

the same likelihood of distortion being heard.

The above statements assume that the observers and programs used

in the tests just described were representative of the listening public

and the programs they hear. Actually, the observers were trained by

experience in making many tests and were no doubt much more critical

than the average listener. Moreover, the conditions under which the

tests were performed, with the availability of frequent comparison

with the undistorted reference condition, were more conducive to

critical detection of overload than are average listening conditions.

These facts, together with the inevitable inability of the control

operator in practice to make his adjustments perfectly in anticipation

of the coming changes in the programs, tend to make the real practical

advantage of one instrument over the other considerably less than

shown by the tests. A further factor reducing the importance of the

small differences shown by the tests is the growing use of volume

limiting amplifiers at critical points in a broadcast system, such as at

the radio broadcast stations, which automatically prevent the trans-

mission of excessive levels.

Another cumulative distribution curve is shown in Fig. 6, repre-

senting similar tests on a Western Electric 14B Program Amplifier.

This is a simple push-pull triode amplifier without negative feedback

and therefore having a more gradual cutoff than the 94B. (The gain

versus output power level curves at 1000 cycles per second are shown
in Fig. 7 for the two amplifiers.) It will be seen from Fig, 6 that the

data for the two volume indicators show no significant difference and
that the single curve equally well represents either set of data in the

region of interest. Somewhat fewer data are represented by this curve

and the agreement with the normal law is not quite so close as in the

previous case.

The peak-reading instrument with the adjustment used in these

tests, although having characteristics similar to those usually proposed

for this type of device, is still far too slow in response to indicate the

true instantaneous peaks of the program wave. The question naturally

arises, therefore, whether any greater difference would be indicated if

the peak-reading instrument were made sufficiently fast in response
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Although a smaller number of observations are included in these data,

the results show conclusively that there is no substantial difference

between the experimental peak-reading volume indicator and the

faster trigger tube arrangement, in their performance on actual

program waves.

15 26



STANDARD VOLUME INDICATOR AND REFERENCE LEVEL 111



112 BELL SYSTEM TECHNICAL JOURNAL

TABLE I

Average Overload Points of Different Kinds of Program Measured
AT THE Output of the 94B Amplifier

Character of Program
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The explanation probably lies in the physiological and psychological

factors involved in the ear's appreciation of overload distortion, which

permit to pass unnoticed considerable amounts of distortion on rarely

occurring instantaneous peaks of very short duration.

Peak Checking

A very important use of volume indicators is that of checking the

transmission losses or gains along a program network by measurements

made on the transmitted program material [item (6) in" the list given

earlier]. The program circuits which make up the large program

networks are in continuous use for many hours each day, and during

that period are switched together in many combinations as called for

by the operating schedules. It is not convenient to interrupt service

for sine-wave transmission measurements; hence to check the trans-

mission conditions during service hours, it is the custom to take simul-

taneous readings at two or more points in the program networks on

particular impulses of whatever program wave is being transmitted,

coordinating these readings by the use of an order wire. On such

readings, the r-m-s type of instrument is far superior to the peak-

reading type, because of phase distortion and slight non-linearity in

the program circuits. These effects are undetectable to the ear, but

change the wave shape of the program peaks sufificiently to cause

serious errors in the readings of the peak-type instrument. On the

other hand they have no noticeable efifect on the r-m-s instruments.

Tests were made on this effect by taking readings on several kinds

of program at the beginning and end of a program circuit extending

from New York to Chicago and return (about 1900 miles). The circuit

was lined up so that either volume indicator read the same at both

ends of the circuit on a 1000-cycle sine wave. In all the tests, the

readings obtained on program material with the r-m-s instrument at

the two ends of the circuit agreed within a very few tenths of a decibel.

The readings of the peak instrument, however, disagreed by the values

shown in Table III, when the program material was applied to the

circuit at the normal maximum operating level.

It is of interest that the errors shown by the table are affected by

the frequency range of the program material transmitted, being greater

for the broader band. The frequency range was controlled by the

use of low-pass filters inserted between the source of program and the

line before the point at which the sending end levels were read. Tests

were also made of the effect of a 180-degree phase reversal at the center

of the loop. This was found to increase the errors in some cases and

to decrease them in others.
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TABLE III

Errors REstrLTiNG from Use of Peak-Type Volume Indicator
ON A Long Program Circuit

Upper Frequency Limit of Program
5000 Cycles 8000 Cycles

Male Speech -3.5 db -4.5 db
Female Speech —1.5 —3.0
Dance Orchestra —2.0 —1.5
Brass Band -3.0 -2.0
Piano -0.5 -1.5

The large errors indicated in the table are, of course, intolerable.

The effect of the line on the reading of the peak instrument is partly

due to the cumulative effects of the slight non-linearity in the many
vacuum tube amplifiers and loading coils in the circuit, and partly to

phase changes which alter the wave front and amplitude of the peaks.

It might be thought that phase changes which destroy some peaks

would tend to create others. However, a Fourier analysis of a sharp

peak will show that an exact phase relationship must exist between all

of the frequency components. The probability that phase shift in a

line will chance to cause all of the many frequency components of a

complex wave to align themselves in the relationship necessary to

create a peak where none existed before, is very slight,—indeed in-

finitesimal compared to the probability of the occurrence of a peak in

the original wave.

Loudness

Another important consideration is the correlation between volume

levels and the comparative loudness of different types of programs

[item (c) in the list given earlier]. This was tested by a method similar

to the "group method," described above in connection with the tests

on aural overload distortion. A group of observers was permitted to

listen to alternate repetitions of a test program and a reference pro-

gram, and was asked to vote upon which appeared the louder. A
particular selection of male speech was used as the reference program

for all of the tests and its level was kept constant. The test programs

included several different types and several samples of each type of

program. The samples of program were about 30 seconds in length.

Each test program was presented at a number of levels covering a

range from a low level where all the observers judged the reference

program to be the louder to a higher value where all of them judged

the test program to be the louder.

Thus, a curve was established for each type of program between the

per cent of observers judging the test program to be the louder, and

the level of the test program. A sample of such a curve is shown in
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Fig. 9. The 50 per cent point on the curve is interpreted as indicating

the level of the test program at which it appears to the average observer

to have the same loudness as the reference program. The test pro-

gram is then set at this "equal loudness" volume level and the levels

of both test and reference programs are read with each of the types of

o
u. 50
O

-10 -a -6 -4 -2 2 4 6 8
VOLUME LEVEL RELATIVE TO THAT OF MALE SPEECH

Fig. 9—Per cent of observers choosing symphony music at indicated volume
levels to be louder than the male speech reference.

volume indicators of interest. In this way, the figures given in Table

IV were determined.

It is evident from the figures in the table that there is no significant

advantage for either type of volume indicator where loudness is the

criterion.

Table IV shows that when the new volume indicator is used the

musical programs must be 2 to 3 db higher than speech to sound equally

loud. It is of interest to note that according to Table I this same
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TABLE IV

Volume Indicator Readings for Same
Loudness as Male Speech

New Volume Peak Volume
Type of Program Indicator Indicator

Male Speech
Female Speech -0.1 -2.2
Dance Orchestra +2.8 -2.2
Symphony Orchestra +2.7 —2.3
Male Singing +2.0 -2.5

difference was shown to exist between the average overload point of

the 94B ampHfier on speech and music, when measured with the r-m-s

volume indicator. This would seem to indicate that if allowance is

made for this difference between speech and music in controlling the

volume levels to avoid overloading, they will also then sound equally

loud to the listeners.

Choice of Type

The tests of aural distortion due to overload showed so slight a dis-

advantage for the r-m-s instrument and the experiments on peak

checking showed such a marked advantage for this type as compared

with the peak instrument, that it was decided to develop the r-m-s

type of instrument. Another consideration was that, with the ad-

vances in copper-oxide types of instruments, it has become possible to

make r-m-s instruments of sufficient sensitivity for most purposes

without the use of vacuum tubes and their attendant need of power

supply, an advantage not shared by peak-reading instruments, at least

at present. Thus, the r-m-s instrument has advantages of com-

parative low cost, ruggedness, and freedom from the need of power

supply, and can, moreover, be readily made in portable forms when
desired.

Dynamic and Electrical Characteristics

It will be appreciated from the earlier discussion that, for a volume

indicator to be truly standard, its dynamic and electrical characteristics

must be controlled and specified so that different instruments will read

alike on the rapidly varying speech and program waves. Therefore,

the next step in the development was to determine suitable values for

these characteristics.

In deciding upon the dynamic characteristics, an important factor

included in the consideration was the ease of reading the instrument

and the lack of eye strain in observing it for long periods.

First, a number of existing instruments were studied, including some

experimental models constructed independently for the two broad-

casting companies prior to the start of this joint development. In
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this, the opinions of technicians, accustomed to reading volume indi-

cators as a part of their regularly assigned duties, were sought, as well

as those of the engineers. The instruments studied included a con-

siderable range of speeds of response and of damping. From this work,

the following conclusions were reached

:

a. For ease of reading and minimum of eye fatigue, the movement
should not be too fast. As a result of observations under service con-

ditions and other tests the requirement was adopted that the sudden
application of a 1000-cycle sine-wave of such amplitude as to give a

steady deflection at the scale point where the instrument is to be read,

shall cause the pointer to read 99 per cent of the final deflection in 0.3

second.

b. The movement shall be slightly less than critically damped, so

that the pointer will overswing not less than 1 per cent nor more than

1.5 per cent when the above sine-wave is suddenly applied.

This last point deserves further discussion. It was noted that on

speech or program waves, instruments which were critically damped
or slightly overdamped had a more "jittery" action than instruments

slightly underdamped, and the strain of reading them was greater.

The reason for this will be understood by reference to the theoretical

curves shown in Fig. 10. These curves represent, for three different

degrees of damping, the deflection versus time following the sudden

application of a steady sine-wave. Curve A is for a movement under-

damped by the amount specified above. Curve B is for a critically

damped movement, while curve C is for a movement which is over-

damped by the same factor that A is underdamped. It is assumed
that the periods of the three movements are so adjusted that all reach

a deflection of 99 per cent in the same time and that the sensitivities of

each are the same.

It will be noted that the velocity of the pointer in curve A is more
nearly uniform than in the other curves, and that the maximum veloc-

ity in A is only about half that in C. Because of the lower and more
uniform velocity, there will be much less eye strain in watching pointer

A as it dances about in response to program waves than either of the

others. Moreover, the same curves inverted will equally well repre-

sent the motion of the pointers when the applied wave is suddenly

stopped. It is evident, by inspection of the region shown near zero,

that pointers B and C will start downward very rapidly whereas

pointer A will pause for a moment and then start downward more
slowly. This is of importance since it is the maximum excursions of

the pointer which must be observed in reading volume levels. The
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tendency to pause at the top of the swing before starting downward
makes A easy to read, and the failure to do so explains the observed

"jittery" motion of instruments such as B and C.

As a further part of this study, high speed moving pictures were

taken of the available volume indicators, showing their response to

suddenly applied sine-waves. The pictures were taken at 400 frames

a second and included on the edge of each frame was a photograph of

a clock device which indicated time in thousandths of a second. From

i 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 I.I 1.2 1.3

TIME (1.0 = TIME TO REACH 99 PER CENT FINAL DEFLECTION)

Fig. 10—Effect of damping on instrument characteristics.

measurements made on these films, the data plotted in Fig. 11 were

obtained. It is interesting to observe how lightly damped are the

oscillations of the 203C volume indicator, which until the advent of

the new instrument has been in use in considerable numbers. The

curve for the peak volume indicator on Fig. 11 must not be mistaken

for the true speed of response but is merely the speed with which the

instrument reads the charge on the condenser (see Fig. 2). The charge

builds up quite rapidly, but the instrument follows in more leisurely

fashion as shown. The instrument, as noted earlier, will actually give
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a reading of 80 per cent on an impulse of sine-wave as short as .025

second.

The above characteristics were decided upon only after many tests

corroborated by field trials under actual working conditions. The
validity of the conclusions reached in the tests of earlier r-m-s volume

indicators was checked with respect to the new instrument by further

tests.

Q 100
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The procedure was based on determining the exponent "^" in the

equation
i = ke^,

which is equivalent to the actual performance of the instrument for

normal deflections. (In the equation "i" is the instantaneous current

in the instrument coil and "e" is the instantaneous potential applied

to the volume indicator.) Two methods were employed. One con-

sisted of determining the ratio of the magnitudes of the sine-wave

a.-c. and the d.-c. potential which when applied to the volume indicator

give the same deflection. The second method consisted of determining

the ratio of the single frequency potential to the potential of each of

two equal amplitude, non-harmonically related frequencies which

when simultaneously applied give the same deflection.

Without going into the mathematics involved, several of the new

volume indicators were found to have average exponents of about 1.2,

so that they had characteristics that were between a linear (^ = 1) and

a square law or "r-m-s" {p = 2) characteristic. Applying the second

method to a Western Electric IG Volume Indicator, which is considered

to be an "r-m-s" instrument, the exponent was found to be 1.89.

Instrument Scale

Among the more important features to be considered in the develop-

ment of a volume indicator is the design of its scale. In broadcast

studios, volume indicators are under observation almost continuously

by the control operators, and the ease and accuracy of reading, and

the degree of eye strain are of major importance.

Prior to the adoption of the new standard volume indicator there

was a wide variety of volume-level indicator scales in use by the

electrical communications industry. This, coupled with the use of a

number of different kinds of instruments, reference levels, etc., resulted

in considerable confusion when volume measurements were involved.

Volume level indicators, as already explained, are used (a) as an aid

in compressing the wide dynamic range of an original performance to

that of the associated transmission medium and (Jb) for locating the

upper part of the dynamic range just within the overload point of

an equipment during its normal operation. For the first of these uses,

a scale having a wide decibel range is preferable. For the latter pur-

pose, a scale length of 10 db is usually adequate. Since a given in-

strument may be used for both applications, neither too large nor too

small a range is desirable in a volume level indicator for the above

purposes. A usable scale length covering 20 db appears to be a satis-

factory compromise.
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It is evident that the instrument scale should be easy to read in order

that the peak reached by the needle under the impetus of a given

impulse may be accurately determined. The instrument scale, there-

fore, should be as large as practical since in the case of the broadcast

and motion picture applications, attention is divided between the

action in the studio and the volume indicator.

The instrument scale graduations should convey a meaning, if

possible, even to those not technically inclined but who are, neverthe-

less, concerned with the production of the program material.

Finally, the scale must be properly illuminated so that the relative

light intensity on the face of the instrument is comparable to that on

the sound stage. Unless this condition prevails, the eye will have

difficulty in accommodating itself with sufficient rapidity to the changes

in illumination as the technician glances back and forth from the

studio to the volume-indicator instrument.

Existing Scales

The volume-indicator scales most commonly employed in the past

are shown in Figs. 12, 13, 14 and 15. It is evident that all these scales

differ from each other in one or more respects.

Fig. 12—Scale on 203C volume indicator.

The color combinations employed for the scale shown in Fig. 12 and

the simplicity of its markings are outstanding virtues. The division

markings and the numerals of the main scale are black on a yellow
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background. The decibel divisions and associated numerals are in

red and considerably less conspicuous than the main scale.

However, the to 60 scale, which is used on both of the instruments

shown in Figs. 12 and 13, is an arbitrary one bearing no simple relation

to the electrical quantity being measured. Because of this, some of

the non-technical persons concerned with program production are

prone to request that a certain "effect" which they desire to transmit

at a louder-than-normal level be permitted to swing the indicating

Fig. 13—Scale on 21 type volume indicator.

needle beyond the normal reference point of "30" on the scale. It is

not evident to them from the instrument scale that the normal reading

of "30" corresponds to maximum " undistorted " output of the system.

The scale shown in Fig. 14, on the other hand, was primarily in-

tended for steady-state and not volume level measurement purposes.

Consequently, this scale has little, if anything, to commend it for

program monitoring use. Nevertheless, the simplicity and the fine

electrical features of this type of instrument, together with its rela-

tively reasonable cost, have resulted in its general application to volume
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indicator service. It is evident, however, that the scale card, which

contains all kinds of identification data, is entirely too confusing for

quick, accurate observations as the needle swings rapidly back and

forth across the scale.

The scale shown in Fig. 15 has the merit of simplicity and easy

readability. It is, however, somewhat limited in the decibel range

appearing on the scale.

Fig. 14—Scale on type 586 power level indicator.

New Scale

Both vu ^ markings and markings proportional to voltage are in-

corporated in the new instrument scale. The need for the former is

obvious, but the philosophy which leads to the inclusion of the latter

requires an explanation.

It is evident, assuming a linear system, that the voltage scale is

directly proportional to percentage modulation of a radio transmitter

upon which the program is finally impressed. If the system is ad-

justed for complete modulation for a deflection to the 100 per cent

' Defined later.
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mark, then subsequent indications show the degree of modulation

under actual operating conditions. In the interests of best operation,

it may be desirable, of course, to adjust the system for somewhat less

than complete modulation when the 100 per cent indication is reached.

In any event, the indications on the voltage scale always show the

percentage utilization of the channel. This is a decided advantage be-

cause everyone involved has a clear conception of a percentage indica-

tion. Furthermore, since the scale does not extend beyond the 100

Fig. 15—Type of scale used on IG and 700A volume indicators.

per cent mark (except in the form of a red warning band) and since it

is impossible to obtain more than 100 per cent utilization of the

facilities, there is no incentive on the part of non-technical people

connected with program origination to request an extra loud "effect"

on special occasions.

Actually, two scales, each containing both vu and voltage markings,

have been devised. One of these, known as the type A scale, Fig. 16,

emphasizes the vu markings and has an inconspicuous voltage scale.

The second, known as the type B, Fig. 17, reverses the emphasis on
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the two scales. This arrangement permits the installation of the

instrument which features the scale that is most important to the user,

while retaining the alternate scale for correlation purposes.

The new scale retains the simplicity and the general color scheme of

the former Fig. 12 scale. The main division markings and the asso-

ciated numerals are, in each case, in black. The secondary data are

Fig. 16—New volume indicator—A scale.

smaller (and in one case are in red) and therefore less conspicuous

than the others. All irrelevant markings have been omitted from

the scale.

The color of the scale card, which is a rich cream, seems to be a

satisfactory compromise between high contrast and reduced eye-

strain and fatigue. This choice is based upon the preference of a large

group of skilled observers and upon the reports of certain societies for

the improvement of vision. The use of matte finished instrument
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cases having fairly high reflection coefficients, such as Hght grey, is

also desirable for ease of vision.

The location of the "reference" point is such that 71 per cent of the

total scale length is utilized as compared to only 42 per cent in former

instruments. This feature, combined with the use of a larger size

instrument, results in a useful scale more than 2.5 times the length of

former scales.

Fig. 17—New volume indicator—B scale.

Although the reference point is no longer in the traditional vertical

or near-vertical position, it has been found that even those who have

long been accustomed to the old arrangement, soon discover the ad-

vantages of the new scale. This is attested, in the case of the broad-

casting application, by the general acceptance of this scale by the

personnel of a number of stations located in various sections of the

country.
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A small but important feature of the new scale is the use of an arc

to connect the lower extremities of the vertical black division marks.

This arc affords a natural path along which the eye travels as it watches

the needle flash up and down the scale. The omission of this arc

would result in a number of vertical division marks, hanging in space,

as obstacles to the free back-and-forth motion of the eye.

It is evident, upon comparison of Figs. 12, 13, 14 and 15 with Figs.

16 and 17, that the dynamic volume range visible on the scale is at

least twice as great as on former instruments. This range, as already

explained, is a good median value for general use.

Mention was made of the opinions of a group of skilled observers.

This group consisted of more than 80 broadcast technicians who, in

the performance of their duties, watch volume-indicator instruments

almost continuously throughout the working day. The opinions of

this group were obtained by submitting working models for their

individual considerations. It is believed that some of the results of

these observations are of interest.

1. 83 per cent preferred the cream in place of a white scale card.

2. 90 per cent preferred the "0-100" scale to the "0-60" scale.

3. 92 per cent preferred the longer scale length (3.5" vs. 2.36").

4. 97 per cent preferred the numerals placed above the arc.

5. 50 per cent preferred the spade pointer to the lance type.

6. 93 per cent agreed on the adequacy of 3 db leeway above the

reference point.

New Reference Level and Terminology

Having agreed on the characteristics of the new standard volume
indicator, the interests of complete standardization call for agreement,

as well, upon a uniform method of use and a uniform terminology.

Agreement upon a uniform method of use must include establishing

the reference volume or zero volume level to which the readings are

to be referred and agreeing upon the technique of reading the volume
indicator.

It is important to appreciate that "reference volume" is a useful

practical concept, but one which is quite arbitrary and not definable

in fundamental terms. For example, it cannot be expressed in any
simple way in terms of the ordinary electrical units of power, potential,

or current, but is describable only in terms of the electrical and dynamic
characteristics of an instrument, its sensitivity as measured by its

single frequency calibration, and the technique of reading it. In

other words, a correct definition of reference volume is that level of
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program which causes a standard volume indicator, when calibrated and

used in the accepted way, to read vu.

It is especially cautioned that reference volume as applied to program

material should not be confused with the single frequency power used

to calibrate the zero volume setting of the volume indicator. If a

volume indicator is calibrated so as to read zero on a sine-wave power

of, say, one milliwatt in a stated impedance, a speech or program wave

in the same impedance whose intensity is such as to give a reading of

zero will have instantaneous peaks of power which are several times

one milliwatt and an average power which is only a small fraction of

a milliwatt. It is therefore erroneous to say that reference volume in

this case is one milliwatt. Only in the case of sine-wave measurements

does a reading of vu correspond to one milliwatt.

It should be emphasized that, although it is convenient to measure

the performance of amplifiers and systems by means of single frequen-

cies, there is no exact universal relationship between the single fre-

quency load carrying capacity indicated by such measurements and

the load carrying capacity for a speech and program waves expressed

in terms of volume level. This relationship depends upon a number

of factors such as the rapidity of cutoff at the overload point, the fre-

quency band width being transmitted, the quality of service to be

rendered, etc.

It has already been brought out that in the past there have been a

multiplicity of reference volumes differing from each other not only

because of the various single frequency calibrations which have been

employed, but also because of the dissimilar dynamic characteristics of

the different instruments used to measure volume levels. It is also

apparent that the introduction of a new volume indicator whose

characteristics are not identical with any of its predecessors inherently

means the introduction of a new reference volume no matter how it is

calibrated. Therefore, there did not seem to be any compelling reason

to make the calibration of the new instrument agree with any of the

calibrations used in the past. Moreover, to many there seemed to be

some advantage in setting the new reference level at a sufficiently

different order of magnitude from those which had been in most com-

mon use, so that there will be little chance of confusing the new stand-

ards with any of those that went before.

After much thought and discussion, it was agreed that the new

reference volume should correspond to the reading of the new volume

indicator when calibrated with one milliwatt in 600 ohms across which

the volume indicator is bridged. Other calibrating values considered

were 10"^*^ watt, 6 milliwatts and 10 milliwatts, in 600 ohms or in
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500 ohms. The value chosen was preferred by a majority of a large

number of people who were consulted and in addition was found to be

the only value to which all could agree. Some of the reasons for

choosing 1 milliwatt (10~' watt) were: (1) It is a simple round number,

easy to remember; (2) 10~^ is a preferred number; ^ (3) 1 milliwatt is

a much used value for testing power for transmission measurements,

especially in the telephone plant, so that choice of this value therefore

permits the volume indicators to be used directly for transmission

measurements.

The choice of the standard impedance of 600 ohms was influenced by

the fact that, considering all of the plants involved, there is more equip-

ment designed to this impedance than to 500 ohms.

The question may very well be raised why the reference volume has

been related to a calibrating power rather than to a calibrating voltage,

inasmuch as a volume indicator is generally a high impedance, voltage

responsive device. A reference level could conceivably be established

based on voltage and the unit of measurement might be termed

"volume-volts." However, volume measurements are a part of the

general field of transmission measurements, and the same reasons

apply here for basing them on power considerations as in the case of

ordinary transmission measurements using sine-waves. If the funda-

mental concept were voltage, apparent gains or losses would appear

wherever impedance transforming devices, such as transformers, occur

in a circuit. This difficulty is avoided by adopting the power concept,

making suitable corrections in the readings when the impedance is

other than 600 ohms.

Having chosen the zero point to which the new volume readings

would be referred, the next question to be decided was the terminology

to be employed in describing the measurements. As has been pointed

out, the past custom of describing the volume measurements as so

many decibels above or below reference level has been ambiguous

because of differences in instruments and standards of calibration.

It was thought, therefore, that there would be less confusion in adopt-

ing the new standards if a new name were coined for expressing the

measurements. The term selected is "vu," the number of vu being

numerically the same as the number of db above or below the new

reference volume level. It is hoped that in the future this new term

will be restricted to its intended use so that, whenever a volume level reading

is encountered expressed as so many vu, it will be understood that the

reading was made with an instrument having the characteristics of the new

volume indicator and is expressed with respect to the new reference level.

« A. Van Dyck, " Preferred Numbers," Proc. I. R. E., Vol. 24, pp. 159-179 (1936).
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The procedure for reading the new volume indicator is essentially

the same as that which has always been employed, with the exception

that, since the instrument is very nearly critically damped, there need

be tolerated fewer overswings above the prescribed deflection. One
who is familiar with the use of volume indicators will instinctively read

the new instrument correctly. The procedure may be described by

stating that the adjustable attenuator, which is a part of the volume

indicator, should be so adjusted that the extreme deflections of the

instrument needle will just reach a scale reading of zero on the vu scale

or 100 on the per cent voltage scale. The volume level is then given

by the designations numbered on the attenuator. If, for any reason,

the deflections cannot be brought exactly to the vu mark or 100 per

cent mark, the reading obtained from the setting of the attenuator may.

if desired, be corrected by adding the departure from shown on the

vu scale of the instrument.

Since program material is of a very rapidly varying nature, a reading

cannot be obtained instantaneously but the volume indicator must be

observed for an appreciable period. It is suggested that a period of

one minute be assumed for this purpose for program material, and 5

to 10 seconds for message telephone speech, so that the volume level at

any particular time is determined by the maximum swings of the

pointer within that period.

Summary of Characteristics

In the preceding sections of the paper the considerations which led

to the selection of the more important characteristics of the new volume

indicator have been discussed in some detail. In this section a sum-

mary will be made, first of the fundamental requirements which must

be conformed to by any instrument if it is to be a standard volume

indicator according to the new standards, and secondly, of other re-

quirements which have been specified for the new volume indicators

which are perhaps matters more of engineering than of a fundamental

nature. These requirements are a condensation of the more important

features of the specifications for the new insturment. The Weston

Electrical Instrument Corporation generously cooperated in the de-

velopment, but it is emphasized that the specifications are based on

fundamental requirements and are not written on the product of a

particular manufacturer. The complete requirements are available

to any interested party, and, as a matter of fact, at least one other man-

ufacturer has produced an instrument which meets the requirements.
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(A) Fundamental Requirements

1. Type of Rectifier

The volume indicator must employ a full-wave rectifier.

2. Scales

The face of the instrument shall have one of the two scale cards

shown in Figs. 16 and 17. Both cards shall have a "vu" scale and a

"percentage voltage" scale. The reference point at which it is in-

tended normally to read the instrument is located at about 71 per cent

of the full scale arc. This point is marked on the vu scale and

deviations from this point are marked in vu to + 3 and to — 20. The
same point is marked 100 on the other scale which is graduated pro-

portionately to voltage from to 100.

3. Dynamic Characteristics

If a 1000-cycle voltage of such amplitude as to give a steady reading

of 100 on the voltage scale is suddenly applied, the pointer should

reach 99 in 0.3 second and should then overswing the 100 point by at

least 1.0 and not more than 1.5 per cent.

4. Response vs. Frequency

The sensitivity of the volume-indicator instrument shall not depart

from that at 1000 cycles by more than 0.2 decibel between 35 and 10,000

cycles per second nor more than 0.5 decibel between 25 and 16,000

cycles per second.

5. Calibration

The reading of the volume indicator (complete assembly as shown

schematically in Fig. 18) shall be vu when it is connected to a 600-ohm

resistance in which is flowing one milliwatt of sine-wave power at

1000 cycles per second, or n vu when the calibrating power is n decibels

above one milliwatt.

(B) Specific Requirements

1. General Type

The volume indicator employs a d.-c. instrument with a non-corrosive

full-wave copper-oxide rectifier mounted within its case.

2. Impedance

The impedance of the volume indicator arranged for bridging across

a line is about 7500 ohms when measured with a sinusoidal voltage

sufficient to deflect the pointer to the vu or 100 mark on the scale.

Of this impedance 3900 ohms is in the meter and about 3600 ohms

must be supplied externally to the meter.
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3. Sensitivity

The application of a 1000-cycle potential of 1.228 volts r-m-s (4

decibels above 1 milliwatt in 600 ohms) to the instrument in series

with the proper external resistance causes a deflection to the vu or

100 mark. The instrument therefore has sufficient sensitivity to be

read at its normal point (0 vu or 100) on a volume level of + 4 vu.'^

4. Harmonic Distortion

The harmonic distortion introduced in a 600-ohm circuit by bridging

the volume indicator across it is less than that equivalent to 0.2 per

cent (r-m-s).

5. Overload

The instrument is capable of withstanding, without injury or effect

on calibration, peaks of 10 times the voltage equivalent to a deflection

to the vu or 100 mark for 0.5 second and a continuous overload of

5 times the same voltage.

6. Color of Scale

The color of the scale card, expressed according to the Munsell

9.18 ^

system of color identification, is 2.93Y j-rr .

7. Presence of Magnetic Material

The presence of magnetic material near the movements of the

instruments as now made will affect their calibrations and dynamic

characteristics. This is because it has been necessary to employ more

powerful magnets than usually required for such instruments to obtain

the desired sensitivity and dynamic characteristics, and any diversion

of flux to nearby magnetic objects effectively weakens the useful mag-

netic field beyond the point where these characteristics can be met.

The instruments should not, therefore, be mounted on steel panels.

(The effect is only slight if they are mounted on 1/16 inch panels with

the mounting hole cut away as far as possible without extending

beyond the cover of the meter.)

^ There should be no confusion because the instrument deflects to a scale marking
of vu when a level of -f- 4 vu is applied to it. As in previous volume indicators,

the vu point on the vu scale is merely an arbitrary point at which it is intended

nominally to read the instrument, and the rest of the vu scale represents deviations

from the vu point. The volume level is read, not from the scale, but from the

indications on the associated sensitivity control when the latter is so set as to give

a scale deflection to the vu mark. If a deflection other than vu is obtained, the

volume level may be corrected by the deviation from vu shown on the instrument

scale. In the present art, it is difficult to make an instrument of the desired

characteristics having a sensitivity greater than that indicated.
^ Munsell Book of Color, Munsell Color Company, Baltimore, Maryland, 1929.
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S. Temperature Effects

In the instruments now available, the deviation of the sensitivity

with temperature is less than 0.1 decibel for temperatures between

50° F. and 120° F., and is less than 0.5 decibel for temperatures as

low as 32° F.

Description of Circuits

The new instrument by itself does not constitute a complete volume

indicator but must have certain simple circuits associated with it.

Two forms which these circuits may take are illustrated in Fig. 18.

uj 3900-OHM ATTENUATOR
^ Q ABOUT ADJUSTABLE IN 11 STEPS
D < 800W OF 2 DECIBELS EACH

2800^^ X

[600*^

600'^ <

.> COPPER-OXIDE
RECTIFIER &
INSTRUMENT

s
300^A) ABOUT

75001JJ
ABOUT 3900"-^
3900>-iJ

3900^

A. HIGH-IMPEDANCE ARRANGEMENT. RANGE +4 TO +26 VU
(FOR A DEFLECTION TO THE VU OR 100 MARK)

3900-OHM ATTENUATOR
ABOUT ADJUSTABLE IN 11 STEPS
800UJ OF 2 DECIBELS EACH

ABOUT
600<^

ABOUT 3900

W

3900UJ
3900'-^

8. LOW-IMPEDANCE ARRANGEMENT. RANGE„-6 TO +16 VU
(for a DEFLECTION TO THE VU OR 100 MARK)

Fig. 18—Circuits for new volume indicator.

One volume indicator may, of course, have both circuits with arrange-

ments to select either by means of a key or switch.

Diagram 18A shows a high impedance arrangement intended for

bridging across lines. As noted above, about 3600 ohms of series

resistance has been removed from the instrument and must be supplied

externally in order to obtain the required ballistic characteristics.

This was done in order to provide a point where the impedance is the

same in both directions, for the insertion of an adjustable attenuator.

A portion of the series resistance is made adjustable as shown by the

slide wire in the diagram. This is for the purpose of facilitating ac-
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curate adjustment of the sensitivity to compensate for small differences

between instruments and any slight changes which may occur with

time. The particular arrangement shown in the diagram has an input

impedance of about 7500 ohms and a range of + 4 to +26 vu for

readings at the vu or 100 mark on the instrument scale.

Diagram 18B shows a low impedance arrangement in which by

adding a transformer the sensitivity has been increased by 10 vu at the

expense of decreasing the input impedance to 600 ohms. The circuit

is so designed that the impedance facing the instrument is the same as

in diagram A, so that the proper dynamic characteristics are obtained.

This arrangement, being low impedance, cannot be bridged across a

through line, but must be used where it can terminate a circuit. It is

AMPLIFIER

PROGRAM
LINE \>

ANV
PROGRAM LINE

-VAr

A/vV

-vw-

PROGRAM LINE

-VvV

AW
VOLUME

INDICATOR '

Fig. 19—Program bridge for feeding several lines from one line.

useful for measuring the transmission loss or gain of a circuit on sine-

wave measuring currents, and also for measurements of volume level

where it is connected to a spare outlet of a program bridge crcuit, as

shown in Fig. 19. Program bridge circuits, one form of which is

illustrated in the figure, are commonly employed in the Bell System
when it is desired to feed a program from one line simultaneously into

a number of other lines. The bridge circuit which is illustrated consists

of a network of resistances so designed that the volume level into each

of the outgoing lines is the same, that the impedance presented to

each is the correct value of 600 ohms, and that the attenuation through

the network between any two of the outlets is great.

A picture of a volume indicator which is provided with both of the

circuits shown in Fig. 18 is illustrated in Fig. 20.
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Fig. 21—New standard volume indicators installed at a network key station.

Fig. 21 shows a group of new standard volume indicators installed

in a network key station.

Conclusion

This paper has described a new volume indicator which is inexpensive

and whose characteristics are thought to represent a good practical

compromise for a general purpose instrument of this kind. It has been

commented upon favorably by all who have had any experience with it.

It has been adopted as standard by the two largest broadcasting com-

panies and the Bell System, and it is hoped that other users of volume
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indicators will be sufificiently impressed by the merits of the new

instrument and by the desirability of standardization in this field, to

join in its adoption. The new standards are being submitted to the

standards committees of the various national organizations for

adoption.

Many people contributed to the development which has been de-

scribed. In particular the authors wish to express their appreciation

to Messrs. Robert A. Bradley of the Columbia Broadcasting System,

George J\I. Nixon of the National Broadcasting Company, and S.

Brand and Iden Kerney of the Bell Telephone Laboratories, for their

important share in the work, and to the Weston Electrical Instrument

Corporation for its valued cooperation.



Metallic Materials in the Telephone System*

By EARLE E. SCHUMACHER and W. C. ELLIS

TN the development of electrical communication, metals and alloys

-*• have played a noteworthy part. To emphasize specifically the

utilization of metallic materials the telephone handset serves as an

admirable example. The assembly of intricate parts in this small

piece of apparatus, shown sectionalized in Fig. 1, contains seventeen

metallic elements, either alone or in combination as alloys.

The Bell System has therefore conducted extensive metallurgical

researches, and the discoveries and developments have been numerous.

Space permits a discussion of only a few of the developments relating

to the more extensively used materials. These comprise the alloys of

lead, copper, zinc and aluminum, and the precious metals, and mag-

netic materials.

Lead and Alloys of Lead

Lead alloys are used principally as sheathing for cable, and as

solders for joining cable sheath and making electrical connections in

apparatus.

Cables represent one of the largest single items of investment;

approximately ninety-five per cent of the Bell System's total wire

mileage is contained in lead or lead alloy sheath and this sheath requires

an enormous amount of lead annually in its production. The largest

size cable made by the System contains 4242 copper wires. The same

number of open wires on telephone poles would take 70 rows of poles

each carrying 60 wires. Under one street today in New York City

there are 282 cables containing about 560,000 wires.

Since the wires in the cable are insulated from one another only by

the paper or textile wrappings or sheaths and by the dry air contained

in the cable, the presence of even a slight amount of moisture will

interfere with transmission by drastically reducing the insulation

resistance. A positive pressure of dry nitrogen is maintained in some

cables as additional protection against moisture entrance and to dis-

close sheath breaks. Continued efforts are made, therefore, to im-

prove cable sheath so as to keep sheath failures to a minimum.

* Based upon a paper published in Metal Progress, November 1939.

138
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Fig. 1—Schematic cross-section of handset showing utilization of metallic materials.
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The history of cable sheath development illustrates the value of

metallurgical research to the telephone system. Unalloyed lead was
first used because it was pliable, resistant to corrosion and could easily

be manufactured into pipe. Nevertheless, it has serious shortcomings.

Brittleness would not be expected in a material so soft and ductile,

yet repeated stresses caused by w^ind sway, mechanical vibrations, and

Fig. 2—View of piece of old cable sheath made of commercially pure lead, which
failed in service from intercrystalline fracture.

movements due to temperature changes produce fine cracks in the

cable sheath through which moisture may enter the cable. An ad-

vanced stage of such cracking is shown in Fig. 2. In fact this effect

is so serious^^that, unless precautions are taken to minimize vibration,

cables sheathed with unalloyed lead cannot be shipped for long dis-

tances by rail or boat without serious damage.

It was early found that the addition of three per cent of tin to lead

greatly decreased the susceptibility to this type of failure. This alloy
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was also stronger than lead and more resistant to abrasion and the

cutting action of the galvanized steel rings which usually fasten aerial

cable to its supporting strand. As the quantity of alloy required for

cable sheathing increased, however, it became evident that a large

portion of the world's supply of tin would be needed, and this would

cause a prohibitive rise in its price. A search was made, therefore, for

an alloy of at least equal quality which would be less expensive.

As a result of investigation of the properties of twenty or more

different alloys, an alloy of lead containing one per cent antimony was

selected. After extensive manufacturing and field trials this alloy

was adopted in 1912 as the standard for Bell System use. Had the

lead-tin alloy been continued as a sheathing material to the present

time the cost would have been twenty-five million dollars greater

(figured on the amount of cable sheath used during the intervening

years and on the price of tin which actually prevailed during this time).

Standardization of an alloy of lead with one per cent antimony for

cable sheath was not accomplished without the appearance and solu-

tion of many technical problems. For example the extrusion of sheath

around the cable core has been an intermittent process, since the cylin-

der of the extrusion press is not large enough to contain sufficient lead

to cover a full length of cable. It was necessary, therefore, to stop

extrusion to recharge the cylinder with the molten lead alloy which

must weld to the previous charge, a slug of solid metal. If a layer of

dross was present on the surface of this material remaining in the

cylinder, a faulty weld was formed which would be subsequently ex-

truded into the sheath. Also, during the recharging interval, the lead

alloy remaining in the extrusion die receives a different thermal treat-

ment from that of the previously extruded sheath. Since the proper-

ties of the lead-one per cent antimony alloy are markedly affected by

thermal treatment, there were frequently abrupt differences in stiffness

of the sheath extruded just before and just after the charging interval.

When this change in stiffness was sufficiently great, serious buckles

occurred during reeling and installation of the cable.

Through a knowledge of the constitution and characteristics of the

alloy, and by continual improvement in the extrusion process, it has

been possible to overcome obstacles such as these and to manufacture

cable sheath of improved quality from the one per cent antimony

alloy.

The telephone metallurgist is also concerned with the life of the

alloy in service. Many samples from sheath which has failed are ex-

amined annually and compared with samples from sheath which is

giving satisfactory service. Microscopic examination in some in-
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Stances reveals a clue to the causes producing early failure and thus
suggests methods by which the failures may be eliminated.

In developing new alloys such as have been described and in studying
the causes of failure of these alloys in service, extensive laboratory

facilities are required. For example, the Bell Telephone Laboratories

possess an extrusion press, shown in Fig. 3, for experimental studies

Fig. 3—Laboratory extrusion press for the study of the extrusion process and for the
production of experimental cable sheathing alloys.

I
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and for the preparation of new cable sheath alloys. With this equip-

ment commercial extrusion conditions can be investigated or, when
desired, extrusion conditions can be varied to determine the effect on

the properties of the alloy.

The general layout of the metallurgical microscopic laboratory is

shown in Fig. 4. In the foreground is a metallurgical microscope and

camera equipped with facilities for examination with polarized light

and dark field illumination. The preparation of specimens and photo-

graphic processing are done in conveniently arranged adjoining rooms.

The microscopic equipment is complemented with X-ray diffraction

apparatus shown in Fig. 5. This equipment consists of a demountable

X-ray tube so arranged that targets can be readily interchanged.

Cameras are provided for structure identification, precision determina-

tion of lattice constants, and texture and orientation studies.

Microscopic and X-ray diffraction equipment are both extremely

valuable in a great diversity of metal problems. Some examples are

given here of the utilization of microscopic equipment in cable sheath

development studies. The possibilities of prolonging the life of cable

sheath which has developed a weakened structure in service have been

established through microscopic examination after a heat treatment

consistent with the alloy structure. Again, the results of thermal

treatment incident to the soldering and repair operations on cable in

the field can be observed and used as a guide to the value of certain

procedures. An interesting example is concerned with the opening

of splices in installed cable sheathed with lead-antimony alloy, a pro-

cedure frequently necessary. During aging in service the antimony-

rich particles coalesce into relatively large lumps. When material in

this condition is heated by pouring hot solder over the joint, pools of

liquid are formed around each lump of antimony, and if an attempt is

made to pry the sleeve of the splice open at once, the sleeve crumbles.

If heating is prolonged a few minutes, however, the tiny antimony-

rich liquid pools diffuse into the surrounding solid material; at this

time the sleeve can be opened without injury.

A few years ago, a new lead alloy containing from three to four

hundredths per cent of calcium was produced and is being extensively

studied now for cable sheathing and other applications. Laboratory

tests indicate that under some conditions this material excels lead-

antimony in resistance to fatigue failure. To illustrate the careful

consideration given materials before making changes which might

vitally affect telephone service, about one hundred miles of cables

sheathed with a lead-calcium alloy have been installed for a commercial

field test. In addition, thirty-six thousand feet of experimental
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lead-calcium sheathed cable were installed on poles alongside of similar

lengths of cable with standard lead-antimony sheath. Various sheath

thicknesses ranging from .075 to the standard .125 inch were installed

for comparison and to expedite early failure. In addition to the

comparison between alloys this test will also give information regarding

the minimum thickness of sheath which may be employed with both

the standard and the experimental alloys.

Fig. 5—X-ray diffraction apparatus showing cameras mounted for identification of

structure and precision measurement of lattice constant.

Besides their application as cable sheathing materials, lead alloys

are also extensively used by the Bell System as solders, storage battery

plates, fuses and as corrosion protection coatings.

Copper and Copper Alloys

Unalloyed copper finds application as wire in the lead-sheathed

cables already discussed, in open wire circuits and in central office

equipment. In the telephone plant there are eighty million miles of

it—enough to span the distance from the earth to the moon three

hundred thirty-five times. To obtain the lowest transmission losses,

cable conductors consist of high conductivity annealed copper wire.
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For line wire in open wire circuits, hard drawn copper wire is used in

order to take advantage of the conductivity of copper and the in-

herently greater strength resulting from strain-hardening. Line wire

is subject to ice and wind loads, vibration fatigue, and in some localities,

severe corrosion. Where loading conditions are severe the copper-

cadmium and other high-conductivity, high-strength materials have

attractive possibilities but require further evaluation before their

introduction for general use.

For drop wire—the conductor running from the telephone poles to

subscribers' buildings—a material with somewhat different properties

is required. Here lower conductivities can be tolerated but higher

strengths are necessary since the wire is smaller in size and long spans

are sometimes necessary. Several materials have been utilized. The
alloy most generally in service in the Bell System is composed of 98.25

per cent copper and 1.75 per cent tin. This is being replaced now as

a result of research development with a higher strength copper alloy

containing 3 per cent tin. This substitution makes possible a reduction

in gauge size of conductor from 17 to 18 without sacrifice in the strength

characteristics of the conductor.

For most purposes ordinary electrolytic copper containing a fraction

of a per cent of oxygen is satisfactory. There are some limited appli-

cations, however, where the copper is subjected to high temperatures

in the presence of reducing atmospheres at some stage in the manufac-

turing process. Under these conditions, the presence of oxygen in the

ordinary copper produces a well-known embrittling effect. For these

applications a copper free from oxygen is used.

A small but important application of copper in telephone circuits is

in the production of copper-oxide rectifiers. For this purpose a copper

imported from Chile is ordinarily used; for some obscure reason domes-

tic brands of copper have not generally proved so satisfactory.

Copper in the alloyed form also is used extensively in the telephone

plant. One application, that for drop wire, has already been men-
tioned. Other extensive applications are for springs and contacting

members in electrical circuits and for structural parts where corrosion

resistance or other desired physical properties justify their use.

Nickel silver and to a lesser extent phosphor bronze find application

for springs. Brass is used primarily for wiper contacts since it lacks

the desirable spring properties of nickel silver and bronze. Included

in satisfactory spring requirements is long service life which depends

upon good fatigue characteristics and freedom, in many instances,

from the tendency to season crack.
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Die Casting Alloys

The demand in the Bell Telephone System for the economical pro-

duction of large quantities of small complex parts has led to an exten-

sive and growing use of die castings. If the past is a guide to the

future, further expansion can be expected. Although the zinc base

alloys represent the major proportion of all alloys consumed, other

materials find application where specific properties are desired. High

dimensional accuracy is obtained with tin base alloys; light weight is a

notable property of aluminum base alloys. Lead base die castings are

used principally in coin collectors where their sound and mechanical

damping characteristics are important. To produce the desired

properties consistently the metallurgical characteristics of these ma-

terials must be known and specific procedures followed.

Electrical Contact Alloys

Requirements of a suitable contact are many, and vary with the

use to which the contact is subjected. Two requirements that are

universal and paramount are that the contact material must provide

an electrical path of a low resistance and must not wear away too

rapidly. (Some contacts are expected to give satisfactory performance

for more than 150 million operations.) In the communication systems

both precious and base metal contacts are extensively used. Of the

former class, platinum, palladium, silver, platinum-gold-silver, gold-

silver, palladium-copper, or platinum-iridium, have given good service

performances. Wiping contacts are widely employed in dial central

offices. These consist generally of brass and bronze although silver is

being used to an increasing extent.

Some idea of the extent to which our modern communication systems

are dependent upon electrical contacts is illustrated by the number of

pairs of precious metal contacts that must operate reliably to complete

an ordinary dial system call between subscribers in a large city. Such

a call brings into operation about three hundred relays involving over

one thousand pairs of contacts. In a long distance call between New
York and San Francisco about 1500 additional pairs of precious metal

contacts must perform dependably for satisfactory transmission. In

some years our communication systems have required more than 100

million pairs of contacts furnished on different kinds of telephone

apparatus.

It may be readily appreciated, therefore, that knowledge of the

factors governing contact performance is of vital importance.
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Magnetic Materials

Telephone apparatus presents a great diversity of applications for

magnetic materials. Both soft * and permanent magnet materials are

extensively used. The soft magnetic materials are employed both as

sheet and rod and in a finely divided form for compressing into cores

for inductance coils. Previous to 1920 the primary soft magnetic

material was iron; small quantities of silicon steel also were used.

Since that date a large number of new soft magnetic materials have

been developed with superior properties for particular applications.

The discovery of permanent magnet characteristics in dispersion-

hardening iron alloys containing no intentional carbon has resulted in

a number of new permanent magnet materials of superior properties.

At this time, in the field of soft magnetic materials, iron and silicon

steel find by far the most extensive application. The iron is a high

grade commercial iron. The silicon steel used is the grade normally

containing about 4 per cent silicon. For applications requiring higher

permeabilities and lower losses, alloys of iron and nickel, known as the

permalloys, are used. There are two principal permalloys, one con-

taining about 80 per cent nickel and another 45 per cent. The higher

nickel composition is also modified by molybdenum or chromium

additions to increase electrical resistivity and improve magnetic

properties. Sheet and rod stock are used in relays, transformers,

miscellaneous coils, and ringers,

, In investigating magnetic materials in the laboratory it is desirable

frequently to fabricate the alloy into extremely thin sheet. The

twenty roll cold-reduction mill shown in Fig. 6 is of value for this

purpose. It is equipped with small diameter working rolls, each

backed by a cluster of nine supporting rolls. With this arrangement

high unit pressures are obtained and sheet a fraction of a mil thick can

be produced readily.

In the form of 120-mesh powder and even in finer sizes certain of the

permalloys find application in loading coils, filter coils and associated

equipment. To secure low losses the powder particles are each insu-

lated with a high resistivity, heat resistant material prior to pressing

into cores. Manufacture of this fine alloy powder is a unique metal-

lurgical process taking advantage of the effects of small amounts of

added elements to achieve a desired result. The presence of a few

thousandths per cent of sulphur in the iron-nickel alloys in the range

of 80 per cent nickel results in a structure which can be rolled to small

* The term soft is used to designate materials of relatively high permeability and
low magnetic loss. Likewise, permanent magnet materials are frequently referred to

as "hard."
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section when hot, but when cold it is exceedingly brittle and can be

pulverized to fine powder. The manganese content of the alloy must
also be controlled since it has an effect opposite to that of sulphur.

The iron-cobalt system yields a useful magnetic material, the one

Fig. 6—Twenty roll cold-reduction mill for producing thin sheet

materials for experimental studies.

containing approximately equal percentages of iron and cobalt. This

alloy, called perniendur, is characterized by high permeability at high

flux densities and by a high reversible permeability when subjected to

superposed direct current magnetizing forces. The binary alloy can-
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not be fabricated cold and this appeared at first to limit seriously the

applications for the otherwise promising material. Brittleness in

cold-rolling was overcome through the addition of approximately 2.5

per cent of vanadium, whereupon the alloy can be cold rolled after a

quench from a high temperature. Fortunately the vanadium does not

materially impair the useful magnetic characteristics. The alloy

finds its chief application in the form of .010 inch sheet in the telephone

receiver diaphragm.

Substantial tonnages of permanent magnet materials are also used

in telephone apparatus per year. Of this most is 3.5 per cent chromium

and other permanent magnet steels of low cost and low maximum
energy product (B X H maximum for the demagnetization curve).

Much of the remainder used is a material with high maximum energy

product for receivers and other applications where space and weight

limitations prevail. For this purpose 36 per cent cobalt steel has been

used but it is now replaced in new apparatus by an iron-cobalt-

molybdenum alloy, remalloy, which has superior magnetic properties

and is of lower cost.

This iron-cobalt-molybdenum alloy, which contains approximately

12 per cent cobalt and 17 per cent molybdenum, has no intentional

carbon addition and is of a dispersion hardening type. The hardening

heat-treatment consists of quenching from 1180°-1300° C. in oil

(after which the material is mechanically and magnetically soft) fol-

lowed by aging at 670°-700° C. for one hour (which induces mechan-

ical and magnetic hardness). The material can be hot-worked and

machined except in the hardened condition, and welds readily, but is

somewhat brittle.

' Magnets of the iron-nickel-aluminum type are increasingly used in

telephone apparatus. These alloys may be ternary compositions or

may be modified by a number of additional elements; cobalt and

copper additions have been found advantageous. The high coer-

cive force, high maximum energy product, and light weight make
them attractive. Disadvantages are non-workability and lack of

machinability.

In addition to magnetic purposes, ferrous alloys are used extensively

in other applications. Considerable quantities of carbon and alloy

steels are used for structural purposes, and high alloy steels for installa-

tion and maintenance tools.

Prospective Developments

In concluding a discussion of metallic materials in telephone equip-

ment interest naturally is directed toward the future developments.
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The trends in the use of new metalHc materials in the telephone service

are difficult to predict. A large class of applications includes the in-

corporation of improved materials in existing apparatus with some

modification in design resulting in a cost saving or in improved service.

Such materials originate from developments by the metallurgical in-

dustry and from investigations by the System's engineers. Examples

of this type have already been mentioned; for example, improved cable

sheathing materials, electrical conductors, and magnetic alloys. This

evolution in application of materials will undoubtedly continue and

constitute a large part of the telephone metallurgists' activities.

There is another field of application for metallic materials, applica-

tions in newly designed apparatus or systems of communication. Here

the properties of existing materials are frequently inadequate to per-

form the required duties and new materials must be developed with the

necessary properties. One example already cited is the preparation of

magnetic powder for inductance coil cores. A new system of trans-

mission, a million-cycle system, requires newly developed materials in

the coaxial cable and the associated equipment. Special properties

are usually involved which are of interest only in connection with

communications, and hence the development of such materials is

dependent almost wholly on the activities of the System's research

groups.



An Interesting Application of Electron Diffraction*

By L. H. GERMER and K. H. STORKS

OILICOSIS develops rather quickl}^ in rabbits exposed to air con-

^ taining moderate concentrations of quartz particles finer than about

5 X 10~* cm, but is completely prevented if aluminum powder is also

present in the air to the extent of about one per cent by weight of the

quartz powder. This protective action of aluminum powder was dis-

covered at the Mclntyre-Porcupine Mines, and has been studied ex-

perimentally by Denny, Robson and Irwin.'

It has been established that aluminum forms, in the lungs, a pro-

tective film upon the surface of silica particles which prevents them

from dissolving, and thus prevents toxic effects. From the relative

amounts of aluminum and silica, and diameters of silica particles, one

can deduce that this protective film need never be so thick, on the

average, as 2 X 10~® cm, and is, in general, many times thinner than

this.

The action of the aluminum is sufficiently striking and important

to justify a fuller understanding of the nature of the film which it

forms upon quartz particles and Dr. Frary, Director of the Aluminum
Research Laboratories, suggested to us that the answer might be forth-

coming through a study of electron diffraction patterns.

In our experiments, electron diffraction patterns were obtained from

thin films of silica, about 2 X 10~^ cm thick, which had been previously

treated with water containing metallic aluminum powder. A beam
of high speed electrons was sent through such a treated film and the

resulting diffraction pattern recorded upon a photographic plate.

From studies of such patterns, and comparisons with X-ray and elec-

tron patterns of known substances, materials composing layers upon

silica surfaces were identified.

Silica films for these studies were prepared in the following manner.

A glass microscope slide was first covered by gold vaporized in high

vacuum from a V-shaped tungsten ribbon; then immediately in the

same apparatus silica was vaporized upon the gold from a second tung-

* Digest of a paper entitled "Identification of Aluminum Hydrate Films of Im-
portance in Silicosis Prevention," published in Industrial and Engineering Chemistry,

Anal. Edition, 11, 583 (1939).

^J. J. Denny, W. D. Robson and D. A. Irwin, Canadian Medical Association

Journal, 37, 1-11 {\92>'l) ; 40 , 213-228 (1939).
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sten ribbon, the distances and the quantities of gold and silica having

been adjusted so that the resulting composite film consisted of a layer

of silica of thickness 2 X 10~^ cm lying upon a layer of gold of thickness

30 X 10~^ cm. This composite film was large enough to supply a

great many samples of silica which could be used in a large number of

experiments. Each sample was prepared, as and when required, by

stripping from the glass slide a small piece of the composite film, dis-

solving the gold in a nitric-hydrochloric acid mixture, and then washing

the remaining tiny silica film in several changes of distilled water.

Films prepared in this manner were floated upon distilled vv^ater con-

taining aluminum powder, for various lengths of time and at two difi^er-

Fig. 1—Electron diffraction patterns from a relatively thick layer of oriented

aluminum alpha-monohydrate crystals formed upon a silica film as a result of ex-

posure of the film to metallic aluminum and water at i?>° C. A—Electron beam
normal to film surface. B—Beam inclined 45° to film surface.

ent temperatures. In some experiments the pH of the water was

adjusted by the addition of HCl or various salts.

Films treated at 38° C. (approximately body temperature), and at

medium and high pH values ^ (6 to 9), gave sharp electron diffraction

patterns which were identified with oriented crystals of that hydrated

oxide of alumina known as aluminum alpha-monohydrate (Boehmite).

Typical patterns are reproduced in Fig. 1. At a low pH value (pH 4)

monohydrate crystals were not discovered even after long reaction

times. Although the crystal structure of aluminum alpha-mono-

hydrate is not known it was possible to make the identification by

^ The term pH is defined as the logarithm of the reciprocal of hydrogen ion con-
centration, hydrogen ion concentration being expressed for purposes of this definition

in terms of grams of hydrogen ions in a liter (or more strictly 1000 grams) of solution.

In a neutral solution pH = 7; in acid pH < 7 and in alkali pH > 7.
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comparison of the electron patterns with X-ray and electron patterns

obtained from the bulk material (Fig. 2).

Electron diffraction patterns from alpha-monohydrate formed on

silica surfaces were found to vary markedly with pH of the alumi-

num-water solution and with the reaction time. From these patterns

the following conclusions were drawn. Monohydrate crystals formed

after short reaction times (4 hours to 20 hours) were sharply oriented

with a particular crystal plane parallel to the silica surface; the indi-

vidual crystals were on the average fairly large (from 5 to 10 X 10"''

cm) in directions parallel to the surface, and thin (2 X 10~^ cm or less)

normal to the surface. As the reaction time was increased, the crys-

tals became, on the average, thicker normal to the surface (but seldom

Fig. 2—Electron diffraction pattern obtained by the reflection method from finely

pulverized aluminum alpha-monohydrate (AUOa-HoO).

as thick as 5 X 10~^ cm), and at the same time other crystals of mono-

hydrate were formed which were less nearly perfectly oriented although

still showing the same strong preference. For long reaction times

layers of completely unoriented alpha-monohydrate crystals were

sometimes produced.

In the presence of traces of organic acids oriented soap crystals were

formed as a result of the reaction of aluminum and water. These

crystals were produced at all pH values. They appeared as scum

upon the water surface, and were not readily adsorbed upon silica.

This fact proves that the action of aluminum in preventing develop-

ment of silicosis cannot be attributed to an aluminum soap. Figure 3

exhibits a typical diffraction pattern from oriented crystals of an

aluminum soap.
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Fig. 3—Electron diffraction pattern produced by a layer of oriented crystals of an

aluminum soap, which had been formed as scum upon a water surface as a result of

the reaction of powdered aluminum, water and traces of organic acid present as an
impurity.

Our experiments prove that aluminum hydrate is precipitated fairly

rapidly upon silica at pH values lying within a range in which lie also

the pH values of body fluids of men and of animals. Since in these

experiments aluminum hydrate is not formed upon silica at pH 4, it

seems highly probable that aluminum would not afford protection

from silicosis to a hypothetical animal with body fluids of pH 4.



Abstracts of Technical Articles by Bell System Authors

Remaking Speech} Homer Dudley. Speech has been remade

automatically from a buzzer-like tone and a hiss-like noise correspond-

ing to the cord-tone and the breath -tone of normal speech. Control

of pitch and spectrum obtained from a talker's speech are applied

to make the synthetic speech copy the original speech sufficiently

for good intelligibility although the currents used in such controls

contain only low syllabic frequencies of the order of 10 cycles per

second as contrasted with frequencies of 100 to 3000 cycles in the

remade speech. The isolation of these speech-defining signals of

pitch and spectrum makes it possible to reconstruct the speech to a

wide variety of specifications. Striking demonstrations upon altering

the pitch of the remade speech stress the contribution of the pitch to

the emotional content of speech. Similarly the spectrum is shown

to contribute most of the intelligibility to the speech.

Deviations of Short Radio Waves from the London-New York Great-

Circle Path.^ C. B. Feldman. During the past year experiments

have been made to determine the frequency of occurrence and extent

of deviations of short radio waves from the North Atlantic great-circle

path. For this purpose the multiple-unit steerable antenna (Musa),

described to the Institute at its 1937 convention, has been used to

steer a receiving lobe horizontally. This is accomplished by arraying

the unit antennas broadside to the general direction from which the

waves are expected to arrive. The Musa combining equipment then

provides a reception lobe in the horizontal plane, steerable over a

limited range of azimuth. Two such Musas have been used, one of

which possesses a wide steering range but is blunt, while the other is

sharp but is restricted in range. Transmissions from England have

been studied with this equipment at the Holmdel, N. J., radio labora-

tory of the Bell Telephone Laboratories. Comparisons of results

obtained on transmission from antennas directed toward New York

with those from antennas otherwise directed have, to a limited degree,

given results representative of the efifects of horizontally steerable

transmitting directivity. Observations made on these British trans-

missions during the past eight months have disclosed the following

characteristics:

1 Jour. Acous. Soc. Amer., October 1939.
2 Proc. I. R. E., October 1939.
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1. During "all-daylight" path conditions, the usual multiplicity of

waves distributed in or near the great-circle plane, which constitutes

normal propagation, has been predominant. Usually neither iono-

sphere storms nor the catastrophic disturbances associated with short-

period fade-outs seem to affect the mode of propagation.

2. In contrast to 1, during periods of dark or partially illuminated

path conditions, the great-circle plane no longer provides the sole

transmission path. The extent to which other paths are involved

varies greatly. Propagation during inosphere storms of moderate

intensity usually involves paths deviated to the south of the great

circle, during afternoon and evening hours. New York time.

An Experimental Investigation of the Characteristics of Certain Types

of Noise. '^ Karl G. Jansky. The results of an investigation of the

effect of the band width on the efifective, average, and peak voltages

of several different types of noise are given for band widths up to 122

kilocycles. For atmospheric noise and that due to the thermal agita-

tion of electric charge in conductors, both of which consist of a large

number of overlapping pulses, the peak, average, and effective voltages

were all proportional to the square root of the band width. For very

sharp, widely separated, clean, noise pulses, the average voltage was

independent of the band width and the peak voltage was directly

proportional to the band width. For noise of a type falling between

these two the effect of the band width depended upon the extent of

the overlapping.

The ratio of the peak to effective voltage of the noise due to the

thermal agitation of electric charge in conductors was measured and

found to be 4. The ratio of the average to effective voltage of this

type of noise was found to be 0.85.

The experiments showed that when a linear rectifier, calibrated by

a continuous-wave signal having a known effective voltage, is used to

measure the effective voltage of this type of noise the measurements

should be increased by ]/2 decibel to obtain the correct result.

Insulation of Telephone Wire with Paper Pulp} J. S. Little. The
paper presented here covers the history and development of wood
pulp insulation for telephone circuits. The development involved

the study of wood pulps and their preparation, the methods of applying

such pulp to wire, and the development of the necessary properties

within the insulation to make it suitable for telephone use. The use

3 Proc. I. R. E., December 1939.
* Wire and Wire Products, October 1939.
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of this insulation has made it possible to increase greatly the number
of telephone circuits in a given cable by using finer wires and thinner

insulations.

A General Radiation Formula} S. A. Schelkunoff. In this paper

a general formula is derived for the power radiated in non-dissipative

media by a given distribution of electric and magnetic currents.

Magnetic currents are included not only for the sake of greater gen-

erality but also because in problems involving diffraction through

apertures and radiation from electric horns, the radiation intensity

can be made to depend upon fictitious electric- and magnetic-current

sheets covering the apertures or horn openings.

Part I consists of an introductory discussion, summary of the

formulas, and examples illustrating the convenience of the general

formulas. Part II contains a mathematical derivation of tlie radiation

formulas.

A Transmission System of Narrow Band-Width for Animated Line

Images} A. M. Skellett. A new method of transmission and repro-

duction of line images, e.g., drawings, is described which utilizes a

cathode-ray tube for reproduction, the spot of which is made to trace

out the lines of the image 20 or more times a second. The steps of

the complete process are: first, the transcription of the line image into

two tracks similar to sound-tracks on movdng picture film; second,

the production from these tracks of two varying potentials by means

of photoelectric pick-up devices; third, the transmission of these

potentials; and fourth, their application to the cathode-ray deflector

plates to effect reproduction. Satisfactory transmission of fairly com-

plex images, e.g., animated cartoons, could be effected within a total

band-width of 10,000 cycles.

^Proc. I. R. £., October 1939.
« Jour. S. M. P. E., December 1939.
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Advances in Carrier Telegraph Transmission

By A. L. MATTE

Introduction

IN the comparatively short period which has elapsed since its com-

mercial introduction in a practical form, the voice-frequency carrier

method of operating telegraph has risen to a position of preeminence

and is becoming the outstanding means for providing telegraph facili-

ties over main toll routes.

Since the original installation, improvements have been made in the

carrier supply, level-compensating devices, maintenance facilities, and

in numerous other specific physical parts of the system. Operating

speeds have also gone up, and the number of telegraph channels per

telephone circuit has been increased. Furthermore, this system,

originally designed for cable circuits operating at voice frequencies,

has been applied to open-wire lines and adapted by remodulation to

other frequency ranges, in particular to those occupied by existing

carrier-telephone systems. Some of the chief advances, however,

have been of a more intangible nature, not the least of these being the

clearer insight which experience and extended tests have given into

the possibilities and limitations of carrier-telegraph systems with

respect to interference and other causes of signal distortion.

As a result of the success attained by the carrier-telegraph system

for open-wire lines,'- ^ which had been in commercial service in the

Bell System since 1918, this company's engineers turned their attention

to the adaptation to cable circuits of the carrier method of transmission

for telegraph purposes. Following this work and extensive field trials,

the voice-frequency carrier-telegraph system went into commercial

use in the Bell System in 1923.^ The initial installation consisted of

ten two-way or duplex channels between New York and Pittsburgh,

giving an aggregate channel mileage of 3800 miles (6120 km.) including

both directions of transmission. Since then, the application of this

161
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mode of transmission has spread rapidly so that in spite of the inter-

vening period of retarded business activity it now provides about 1|

miUion miles (2.4 X 10^ km.) of high-grade circuits throughout the

Bell System, Its use with variations has extended to other countries

so that it bids fair to become an outstanding means for providing over-

land telegraph facilities, particularly for long distances, where the

service is exacting. As indicating the general trend, it may be stated

that in England alone about 1700 voice-frequency telegraph channels

were reported as available for operation at the end of 1938.^

It is interesting to note the role played by carrier telegraph in the

evolution of the art of telegraphy. The three major telegraph systems

up to about 1890 were those of Hughes on the Continent, Wheatstone

in England, and the manual Morse system in the United States. As

electrical communication reached out to greater and greater distances,

the desire to utilize costly lines more effectively led inventors to con-

centrate their efforts in two different directions; namely, the develop-

ment of high-speed systems and of multiplex systems. In high-speed

systems, the object, as the name implies, is to secure increased line

output by speeding transmission well beyond the ability of a single

operator. These devices are characterized by automatic transmitters

which can be supplied with perforated tape prepared in advance by a

number of individuals. Typical high-speed systems are the Wheat-

stone automatic, the Murray automatic, the Siemens and Halske high-

speed, and the Creed high-speed.^

The first efforts at multiplexing circuits were based upon the sug-

gestions of Gintl and Highton, who proposed to take advantage of

directional and magnitude effects respectively, and whose ideas were

brought together by Edison in his invention of the quadruplex. The
multiplex system as we know it, however, was the invention of Baudot,

who, putting into practical form a suggestion made by Moses G. Farmer

as far back as 1853, produced a system whereby the line was assigned

successively to a number of operators. This process had the great

advantage that while maintaining the line speed which economy made
imperative, it permitted a number of messages to be transmitted

simultaneously without delay and with each operator working at his

normal pace. The chief examples of the multiplex are the Baudot,

Murray, and American.^' ^

Owing to the advantages of these higher output systems, the older

methods of operation were gradually supplanted for the longer com-

mercial message circuits. This was particularly true in Europe, since

certain conditions operating in America tended to favor the survival

of the simple Morse arrangement; the chief of these being the avail-
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ability of large numbers of composited and simplexed circuits, most of

which were used in private line service/ and the low traffic density on

many long multi-section circuits, making it desirable to provide

intermediate operating points. By about 1920, the weight of evidence

definitely favored the multiplex method of exploitation over the use

of the high-speed printer.'' It was at about this point in telegraph

history that the carrier telegraph method of subdividing the line

capacity made its appearance and, through its superior flexibility and

lesser intricacy of operation, began gradually to supersede the dis-

tributor methods of multiplexing circuits for many types of services.

While voice-frequency telegraphy was foreshadowed by Elisha

Gray's harmonic telegraph,^ which was exhibited at the Third French

International Exposition in 1878 and at the Electrical Exhibition in

Paris in 1881,^ its practical embodiment had to await the invention of

the electrical filter by Campbell, that of the audion by DeForest, and

the production of effective means for generating alternating currents

of acoustic frequencies.

The success of this system rests mainly upon its adaptability to

economical operation over telephone circuits by making effective use

of the whole frequency band usually allocated to the voice, and in

requiring similar transmission characteristics. Henceforth, every

advance in telephony directed to an improvement of the transmitting

medium contributes as well towards the improvement of telegraphy;

the economies of wide-band carrier telephony, the improved equaliza-

tion and regulation of circuits, the reduction of interference and the

elimination of crosstalk, all tend to make the telegraph a more de-

pendable and efficient tool for modern industry and modern living.

Thus telegraphy, one of the oldest of the electrical arts, having fathered

the telephone, now finds, within the great technical structure which

the latter has created, a fertile medium for the development of its

usefulness, not as a competitive but as a complementary service.

Thanks to voice-frequency telegraphy, wherever the telephone reaches,

a high-speed, reliable, record-form of telegraph may follow. This has

brought about a great simplification of the problem of interconnection

in such large communication networks as the international postal area

in Europe and the Bell System in our own country.

Furthermore, carrier telegraphy has doubtless been a means of

advancing the fortunes of the start-stop teletypewriter,'" by subdivid-

ing the frequency band to such an extent that one channel may be

economically assigned to a single operator working at normal speed.

It has also been a factor in simplifying the switching problems pre-

sented by the extensive introduction of teletypewriter exchange

(TWX) service. 11
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The purpose of this paper is to describe the principal transmission

developments which have taken place in the voice-frequency system

since the first commercial installation, to present some of its operating

characteristics, and to outline advances in maintenance methods which

have developed during this period.

There has been marked and steady improvement in the quality of

the service rendered by the voice-frequency telegraph circuits during

the last decade within the Bell organization, and while it would be

unfair to overlook the part which imaginative management, employee

cooperation, and similar factors have played in securing this desirable

result, it appears certain that a good deal of it is to be credited to those

physical improvements and advances in testing and operating pro-

cedures which we are about to recite.

Extensions in Utilized Frequency Range

While the greater part of past experience has been had with the

application of voice-frequency systems to extra-light-loaded four-wire

cable circuits,* a considerable mileage now utilizes other types of

telephone facilities, particularly high-frequency carrier open-wire lines ^^

through the less densely populated regions. These latter applications

are interesting to the transmission engineer because the association of

telephone and telegraph in the same repeaters brings into view new

problems which will doubtless grow in importance as the use of broad-

band carrier systems becomes more extensive. A typical voice-

frequency carrier-telegraph circuit is shown in Fig. 1. It consists of a

section of four-wire cable connected in tandem with a three-channel

type "C" carrier-telephone circuit,^*- ^^ without mechanical repetition

at the junction point. The telegraph power is appropriately modified

to suit the requirements of the two media by means of pads and

amplifiers P at the point where they join. In addition to this, the

remaining telephone circuits operating through the same carrier re-

peaters are equipped with volume limiters ^^ to prevent voice-energy

peaks, which contribute little if any to telephone quality, from over-

loading the amplifiers, thereby causing excessive distortion to the

telegraph.

Shortly after the initial voice-frequency telegraph installation in

cables the number of channels was extended from 10 to 12 by the

addition of two channels at the upper end of the frequency range,

corresponding to carrier frequencies of 2125 and 2295 cycles.

* These circuits are designated as H44. They consist of 19 AWG conductors,

loaded with 44-millihenry coils 6000 ft. (1830 m.) apart, with four-wire repeaters

spaced at approximately 50-mile (80.5 km.) intervals.^^
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At a later date the extensive introduction of H44 circuits, with their

relatively high cut-off, was thought to make it desirable to consider a

further extension of the frequency band utilized by the telegraph.

However, in view of the fact that the then existing state of the art of

filter design made it impractical to produce economical filters of the

required narrow band-width but having the desired high mid-band

frequency, it was decided to develop a carrier-telegraph system suitable

for use between dense traffic centers by superposing two standard

12-channel systems over the same cable pair. This was accomplished

by causing the various signaling frequencies of one system to modulate

a single secondary carrier, thereby transposing all the frequencies of

this voice-frequency system to a frequency range above that of a

normal voice-frequency system operating over the same cable pair.

The line circuit used with this double system was required to trans-

mit a range of frequencies from about 350 cycles to 4400 cycles, and

the stability within this range had to be such as not to cause excessive

bias in any channel with the regulating methods available at that time.

In order to secure this result, it was necessary to change the transmis-

sion characteristic of all repeaters from that used for ordinary four-wire

telephone or voice-frequency telegraph transmission and, furthermore,

to modify somewhat the regulating repeaters in order to maintain the

desired transmission characteristics with changes in temperature.

No changes of any kind were required in the voice-frequency tele-

graph terminals. The channel frequencies on the line were arranged

to extend uninterruptedly at 170-cycle Intervals from 425 cycles to

4335 cycles.

This arrangement was called the "double-modulation" system,

because operation of two voice-frequency carrier telegraph systems

over the same circuit was realized by causing all the channel frequencies

of one of these two systems to pass through a common modulator,

where a second modulation took place; the individual frequencies of

each channel being already considered as having been modulated by

the sending relays. A single secondary carrier-frequency was used

which was common to all the channels. The allocation of frequencies,

which was identical for both directions of transmission, will be readily

understood by referring to Fig. 2B. The general principle of operation

is illustrated in Fig. 2A, which shows transmission from west to east,

it being understood that the arrangement from east to west is identical.

The voice-frequency system denoted as No. 2 will be seen not to differ

in any way from the earlier arrangement except that signals from all

twelve channels traverse low-pass grouping filters at the sending and

receiving terminals. In the case of voice-frequency system No. 1,
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however, all the frequencies are passed through a modulator, where

they are transposed as a group to a position above those of system No.

2. The lower sideband of the secondary carrier is used, so that the

order of the channels is reversed on the line. After modulation, this

VOICE-
FREQUENCY
SENDING
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modulators such as were then current in telephone practice. In the

case of grid-current modulators, the necessary non-linear characteristic

is obtained by so constructing the input circuit that the voltage be-

tween the grid and filament of the modulating tubes does not vary

directly with the voltage impressed upon the modulator input, while

plate modulation is suppressed ; in the case of plate-current modulators,

on the other hand, there is a linear relation between the grid-to-filament

voltage and the voltage impressed upon the modulator input, but

advantage is taken of the fact that the plate current does not vary

directly with the grid voltage to secure the desired modulation effect.

The reason for using grid-current modulators of this type was that the

increased power output secured thereby made it possible to produce

the required output levels without auxiliary amplifiers.

The trial double-modulation system performed satisfactorily under

commercial conditions although the upper group or remodulated

system was somewhat less satisfactory than the standard. This wide

range system has not been used, however, partly because of reduced

demand due to economic conditions and partly because advances in

the art of filter design now make possible a considerable extension on a

single modulation basis; furthermore, the increasingly wide use of

carrier telephone circuits makes it desirable to restrict the band width

used by a voice-frequency telegraph system to the frequency range

normally assigned to a telephone channel.

Signal Distortion

Improvements in transmission amount essentially to reductions in

signal distortion. The principal sources of such distortion ^^' ^^ are:

Type of

Distortion Source

Characteristic Filter characteristics.

Wave shaping characteristic of detectors.

Bias Variations in circuit net-loss.

Battery variations at terminals.

Variations in carrier-current generator voltage.

Gradual frequency changes.
High-resistance sending-relay contacts.

Asymmetrical relay adjustments.

Fortuitous Noise.

Lightning.
Functional switching operations.

Change in repeater gain with load.

Intermodulation of several channels in repeaters.

Infiltration from adjacent telegraph channels.

Relay contact troubles.

Irregularities in relay operation.

Rapid variations in carrier frequencies.
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Characteristic distortion attributable to the telegraph channel filters

is not an important limitation at the speeds now generally used and

need not detain us as it has been discussed at length elsewhere.2°' ^^' ^^

It might be stated, however, that while the frequency band used at the

present time, which provides an effective width of about 110 cycles,

allows some margin of transmission with present speeds, the proposition

of reducing the spacing of carriers is not very attractive for a number

of reasons, among which may be mentioned the reduction in cost per

cycle of band width due to the development of carrier-telephone

systems, the possibility that higher speed requirements may ultimately

make the present spacing desirable, and the greater degree of main-

tenance demanded by a system designed with less liberal operating

margins where a number of sections are operated in tandem. With

respect to the speed factor, it may be observed that service is already

being rendered commercially in several cases at 75 words per minute,

and still higher speeds have been used.

Bias

Variations in circuit loss consequent upon changes in temperature,

battery voltages, etc., are a major factor in determining signal distor-

tion, as will be seen by reference to Fig. 3 which shows graphically the

0.14
lU
O
z
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range of variations with respect to the optimum input level to the

detector depends on the method by which the sensitivity of the latter

is adjusted. Two methods have particular advantages: In one of these

the detectors are adjusted for a nominal received level which is made
the same for all the channels. This is the method usually employed

for cable circuits. It permits adjusting the detectors at any time

without reference to the particular line with which they are to be used

and without the assistance of an attendant at the distant station. It

will be evident that the departures from optimum line gain must then

be reckoned from this nominal net circuit-gain, which in the illustra-

tion is shown as being .9 db below the actual mean value. This dis-

crepancy is principally due to imperfect equalization of the line. In

general it is least in the neighborhood of 1000 cycles and increases

progressively as one goes away from this frequency. Furthermore, the

standard deviation of the distribution curve increases generally in the

same manner, so that for a 12-channel system the condition illustrated

is perhaps the most unfavorable one.

A second method of lining up is to adjust the detector sensitivity so

as to give unbiased operation with signals transmitted from the distant

station and with the line loss whatever it happens to be at the moment.

On the average, and in the long run, the effect of this procedure is to

restore the symmetry of the variations, but the standard deviation is

multiplied by a factor equal to the square root of 2. This is because

the occurrence of a given departure from the optimum level is then

further conditioned by the particular net gain which happens to exist

at the time the detector is adjusted, and the chance of a gain of this

particular value is given, of course, by the same distribution which has

just been discussed. Most of this increased latitude in variations can

be eliminated, however, by seasonal adjustments; a procedure which

is evidently of no help when the first method is followed. This second

method has been found useful on open-wire circuits because the

average net loss of telephone channels over these facilities depends

somewhat on their frequency allocation and varies more widely than

is the case with cable circuits.

If no provision were made to compensate for these line-variation

effects the result would be a rapid change in bias as the level at the

input of the detector departs from its optimum value. This is

shown for a typical telegraph channel by the dotted line in Fig. 4.

By the use of a level compensator associated with each individual de-

tector a great improvement may be obtained, however, the bias varia-

tions being reduced to those illustrated typically by the full line in the

same drawing. The resulting changes in teletypewriter orientation
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bauds) may exhibit a change in signal bias of 4 per cent or more for

each db change in input level. With a level compensator of the type

described herein, the bias may be kept within a range of ± 2 per cent

for a variation in input level of ± 8 db.

The elimination of any considerable bias variations in individual

telegraph sections due to level changes which usually occur in practice

is particularly important in the case of multi-section * circuits. As a

result of this improvement it has been found feasible under test condi-

tions to operate satisfactorily as many as 10 telegraph sections in

tandem at 60 words per minute for long periods without objectionable

bias variations due to level changes and without the use of regenerative

telegraph repeaters. In practice, however, other considerations

usually make it desirable to use a regenerative repeater when the

number of sections in tandem exceeds 4.

The greater part of the effective changes in received level in a given

circuit is due to temperature changes which are imperfectly compen-

sated for by the regulators, aggravated by the fact that the conditions

prevailing when the circuits are adjusted within the limits specified by

the maintenance routines may depart considerably from the average.

In addition to this, there are variations of considerable magnitude

between individual circuits due to structural differences. In view of

the fact that the variations over the whole frequency range are not the

same, there is a material advantage in a compensator which adjusts

the gain of each detector independently, a feature which could not be

secured with a pilot-channel regulator.

Level Compensator

The level compensator," shown diagrammatically in heavy lines in

Fig. 6, may be considered as functionally divided into two parts, one

of which is in series with the grid of the detector tube and the other

of which is connected to the armature of the receiving relay. The

first of these will be referred to as the grid-bias circuit and the second

as the compensator-relay circuit.

The grid-bias circuit consists essentially of a condenser C shunted by

a high resistance R^ in series with a biasing battery Eq of fixed voltage,

the secondary of the interstage transformer T, and the grid-filament

terminals of the detector tube V. This arrangement functions to keep

the effective grid-filament voltage due to the signals nearly constant,

irrespective of their magnitude, by setting up a voltage on the condenser

which adds algebraically to the grid-bias battery and whose magnitude

* By a multi-section telegraph circuit is meant a connection made up of 2 or more
telegraph lines in tandem with mechanical repetition between them.
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is automatically adjusted to be proportional to that of the incoming
signals.

At any instant the actual voltage between filament and grid is

therefore equal to the algebraic sum of (1) the fixed bias voltage Eo;
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Fig. 6—Schematic diagram of level compensator.

(2) the voltage due to the charge on the condenser C; (3) the signal

voltage across the secondary of the interstage transformer T; and (4)

the drop in voltage across the transformer. By making the detector

sensitivity sufficiently great, the signal voltage is caused to overcome

the opposing negative bias during a portion of each positive half of the

carrier cycles composing a marking pulse, so that a net positive voltage

is periodically impressed on the grid causing a flow of current between

it and the filament and consequently through the resistance Re and

the condenser C in parallel.

The resulting voltage across condenser C is in the same direction as

that of the fixed grid battery Eo and adds thereto. The condenser

voltage is determined by the amplitude of the received carrier current,

increasing with increased input level and decreasing with decreased

input level. By a proper selection of the constants of the circuit, the

desired compensation action may be obtained. This action will be

such that the change in voltage across the condenser will always,

within the effective range of compensation, produce the proper nega-

tive grid voltage for unbiased reception of telegraph signals by the
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receiving relay. A quantitative discussion of the operation of the

compensator is given in the Appendix.

In order that the voltage across the condenser may not decrease

during spacing signals, an auxiliary polar relay, called the compensator

relay, is provided which derives its operating current from the arma-

ture of the receiving relay and serves to disconnect the resistance Re

during spacing signals. As discussed in the appendix, the unbiased

operation of the compensator relay would cause a noticeable decrease

in the condenser voltage during the rapid transmission of signals,

because the wave shape of the signals impressed on the grid circuit of

the detector tube is not square but considerably rounded. In other

words, there is a portion of a marking signal during which the receiving

relay is operated to marking but the grid is non-conducting. Hence

more charge would leak from the condenser during the time the re-

sistance is connected across the condenser than would be replaced by

rectification. To prevent this, the compensator relay bridges the dis-

charge resistance Re around condenser C for a period of time which is

shorter than that during which the receiving relay is on its marking

contact. The amount by which the compensator condenser must be

biased depends on the signaling speed and other factors. It is de-

termined by observing the "drift" in bias suffered by reversals when

these are suddenly switched on after a long marking interval.

The operation of the level compensator will be more readily under-

stood by referring to Fig. 7, which shows diagrammatically the manner

in which received impulses of different magnitudes are made to operate

the receiving relay for equal time intervals. In this diagram, the posi-

tive halves of the envelopes of three received marking impulses * of

different amplitudes are shown in relation to the grid-voltage plate-

current characteristic of the detector tube. For normal input level

the sensitivity of the detector is made sufficiently great so that the

amplitude of the impulse which is impressed on the interstage trans-

former is of the magnitude shown at N. The envelope of the received

carrier current is symmetrical about the line En, which is located at

the net value of grid biasing voltage due to the battery voltage Eq

and the grid condenser voltage Cc. The latter voltage, as previously

noted, is produced in the grid circuit by rectification of that part of the

received carrier current which lies on the positive side of the zero grid-

voltage axis 00. By properly adjusting the bias of the receiving relay

the latter may be made to operate at a value AA which is one-half the

crest value of the envelope. Signals having amplitude N will thus be

repeated unbiased by the receiving relay, since the ascending and de-

* In practice such pulses would usually reach the steady state.
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scending curves bounding the envelope represent identical time

sequences of events.

If the level increases so that the amplitude of the received signals

has a value indicated by curve H, a much larger part of the signal

current momentarily flows through the grid-filament space and is

rectified, thereby increasing the charge on the condenser in such a

CURRENT TIME

Fig. 7—Principle of level-compensator action.

way as to increase the negative bias of the grid and shift the signal

bodily towards the negative side of 00. This shift continues until the

total effective grid voltage has reached a point at which the rectified

current is just sufficient to compensate for the increased discharge

through resistance i?« due to the higher voltage across the condenser.

The system is then in equilibrium at the new input level. If the

constants of the circuit have been properly chosen, the new grid

voltage Eh will be such that the middle of the positive envelope of the

received signal again passes through the line AA, thereby giving

unbiased signal reception.

The corresponding condition for an input level below normal is

shown by curve L.
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The condenser is the essential element of the compensator, and it is,

of course, able to accumulate a charge in the absence of the resistance

Rc\ the only function of the latter being to dissipate this charge quickly

when the input level drops. If there were only a resistance and no

condenser there would be a simple rounding off of that part of the

positive crests of the carrier waves which cause grid current to flow

but no transfer of the operating axes as a whole to new bias values,

such as El, En and Eh in Fig. 7.

Before leaving Fig. 7, it may be interesting to note parenthetically

that a signal with large bias, such as H is much more immune to

distortion due to changes in its own magnitude, or variations in relay

bias, than a signal such as L. This can readily be seen if we imagine

the line AA , which corresponds to the operating point of the receiving

relay, to be moved up or down and note the relative lateral displace-

ment of the intersections on these two envelopes. Another advantage

of the stronger signal is that the rate of change of energy at the mo-

ment when the relay operates is much greater, insuring a more positive

operation of its armature. The concave character of the detector

characteristic is also favorable to securing a desirably shaped pulse for

relay operation. Advantage was taken of these wave shaping possi-

bilities in the design of detectors antedating the use of the level com-

pensator to minimize the effect of circuit and battery variations.

In the absence of resistance Rs, Fig. 6, there would be a tendency dur-

ing a long spacing interval for leakage in the wiring connected to the

grid, to reduce the grid bias to ground potential. Before such discharge

had gone very far, however, the receiving relay would close and re-

charge the condenser. This would give rise to periodic operation or

pulsing of the relays. The purpose of Rg is to prevent this undesirable

effect by making the negative bias voltage approximately equal to E^

during long spaces. Since this resistance is large compared to R^

it has a negligible effect during the reception of signals.

Where a circuit is exposed to transient additions of energy from

external sources such as lightning, the operation of the level com-

pensator may be stabilized by bridging a large capacitance in series

with a resistance around condenser C.

Sending Circuit

In the voice-frequency telegraph system the spacing signals are

produced at the transmitting end by short circuiting that portion of

the circuit which supplies the sending filter with power, and the

marking signals by allowing the current from the generator to flow

through freely. This operation is performed by the sending relay.
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Experience has shown that owing to the small a-c. voltages involved,

there is a tendency for the contacts of the sending relay to increase in

resistance, sometimes reaching a value as high as 1,000 ohms or more.

In view of the low impedance of the circuit originally used, this caused

considerable residual current to flow during spacing intervals. In

order to remedy this condition, the sending relay circuit was modified

to the form shown in Fig. 8, in which an auto-transformer is so con-
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Fig. 8—Relay sending-circuit.

nected as to give a high impedance looking towards the generator,

while Rs, which is of the order of 50,000 ohms, provides a correspond-

ingly high resistance towards the output. The sending filter input is

suitably padded to insure a satisfactory termination. It will be

evident that with this arrangement the contact resistances in both the

spacing and marking positions may vary considerably without seri-

ously affecting the transmitting efficiency. Another advantage of R,

is that it eliminates the bias due to the transit time of the sending-relay

armature, which may therefore be increased, and need not be kept

within such precise limits : a matter of considerable convenience where

demountable relays are used.

A trial has also been made of various schemes using varistors

(copper-oxide rectifier-elements) to control the flow of carrier current

by means of the changes in voltage in the loop circuit, thus dispensing

with sending relays of the electromagnetic type. Figure 9A shows an

arrangement which has been in actual operation for a number of years

at several central offices and has given satisfaction. The loop circuit

is provided with two equal apex resistances RR ; hence when the key is

closed the point x is positive relative to y regardless of the position of

the receiving relay. This follows from the fact that the current

through the loop is twice that through the loop-balancing resistance.

On the other hand, if the receiving relay is on its marking contact,

opening the loop key reverses the relative voltage between points x

and y so that x becomes negative relative to y. In other words, polar

signals are impressed between points x and 3; as a result of the trans-

mission of signals in the loop. The a-c. part of the circuit contains a
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bridge-like arrangement between the carrier source and the sending

filter, which is balanced at all times with respect to the d-c. pulses so

that these do not tend to be propagated into the line or towards the

generator. When x is positive relative to y, rectifier elements ai and 02
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Fig. 9—Varistor sending-circuits. A. Series-parallel arrangement.
B. Phase inverter. C. Non-polar arrangement.

are conducting while hi and 62 are non-conducting. This allows a free

path for the carrier between transformers Ti and Ti and thus from the

generator to the sending filter. If, however, point x is negative rela-

tive to 3^, ai and a^ acquire a high resistance, thereby greatly impeding

the passage of current between T\ and T2, while hi and &2 become

conducting and efifectively shunt the primary of Ti.
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Alternative arrangements have also been tried. Two of these,

which were used in actual installations, are shown in Figs. 9B and 9C.

In both cases, the loop arrangement is the same as in Fig. 9A. The
circuit of Fig. 9B consists of two parallel paths between generator and

sending filter, one of which impresses a steady a-c. voltage on trans-

former T2 while the second path serves to impress a second a-c. voltage

of the same magnitude at the same point, but this latter voltage may
be either in phase aiding or in phase opposing to the first, depending

on the polarity of the d-c. voltage impressed through the varistor

bridge. Thus it will readily be seen that if x is positive relative to y,

elements a and c are conducting, while b and d are not. Transmission

of the carrier then takes place around the path pi, qi, q^, p2, and the

voltages from the two parallel circuits are additive in T2. If, however,

X is negative relative to y, the conducting condition of the varistor

elements is reversed so that the carrier path becomes pi, q^, qi, pi, and

the net voltage impressed on the primary of T^ is zero.

The direct-transmission branch contains a phase and magnitude

adjustment network to permit exact neutralization of the carrier

voltage for the spacing condition.

Figure 9C is much like Fig. 9B except that the direct-transmission

branch is omitted and a "suppressor circuit" is added, which may be

thought of as changing the signals impressed on the varistor bridge from

polar to neutral. This is done by inserting element 5, which equalizes

the voltage between points x and y whenever y is positive with respect

to X. This effect is further enhanced by adding other series and shunt

elements as shown. The bridge conditions for marking are the same

as in Fig. 9B, while for spacing, all the elements are normal and alike

so that the bridge is balanced for a-c. as well as for d-c. ; thus no voltage

appears between points w and z, and the carrier is suppressed.

While all these schemes involve balance between groups of varistors,

recent advances in design have made it possible to fulfill this require-

ment to the desired extent and to maintain it over long periods of time.

The limited use to which varistor sending circuits have been put in

the telegraph plant of the Bell System is not due to unsatisfactory

operation in their present applications, but rather because they have

imposed certain operating limitations on recently developed arrange-

ments for interconnecting telegraph circuits.

Grid Bias

The fixed grid bias required by the level compensator exceeds the

filament battery voltage, hence the latter cannot be used as a bias

source and recourse is had to the negative 130-volt telegraph battery.
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It follows that any variations in the latter will cause signal bias. To
minimize this effect, several schemes have been used to stabilize the

voltage applied to the level compensator. One of these is shown in

Fig. 10^ . In this arrangement the 130-volt battery discharges'through

ODD-NUMBERED
CHANNEL

EVEN-NUMBERED
CHANNEL

DISCHARGE CIRCUITS '

FOR DRY-CELL BATTERIES

~4

TO OTHER
,

detectors]
[e'even

(a) STABILIZED WITH DRY CELLS

I E EVEN

I
—WV

(B)

STABILIZED WITH
NEON TUBE

TELEGRAPH
BATTERY (130
VOLTS nominal)

—VvV-rl|lh:

Fig. 10—Grid-bias supply circuits,

a series of resistances Ri, Ri and Rz so proportioned as to provide

suitable taps giving the required bias when this battery is at its average

voltage. Inasmuch as the filament circuits of two detectors are in

series, two different voltages to ground are required. Dry cell batteries

Bi and B2 are bridged between the taps which provide the desired

biases and ground, of such values that they would give the proper

voltages in the absence of the telegraph battery. These dry cells

insure constant bias voltages; they supply no current when the tele-

graph battery is at its average value; discharge when it is low, and

charge when it is high. Resistance Rz is sufficiently large so that these

charging and discharging currents are kept down to very small values

and the life of the cells is consequently long. Since the bias batteries

are part of a rectifying circuit there is a tendency for the signal current

passing from grid to filament to charge the dry cells. To compensate

for this, adjustable discharge circuits Di and D^ are bridged respec-

tively across the two grid-bias taps and ground in the manner shown,

and their resistances are varied according to the number of detectors

deriving their bias from this source.
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A second method for securing a stable grid-bias voltage is shown in

Fig. lOB. Here, advantage is taken of the fact that the voltage re-

quired to maintain discharge in a cold-cathode neon-tube is constant,

by bridging such a tube across the negative 130-volt telegraph battery

in series with a resistance. The desired voltages for the even and odd

numbered detectors are then derived by tapping off at suitable points

on a second resistance which is connected across the neon tube.

Interference

Interference in a particular channel may manifest itself either by

the presence of current when none is intended or by a diminution of

the signal current during a marking condition. The former is called

spacing interference, and tends to change spacing units to marking

units; the latter is termed marking interference, since it is observed

during marking units, tending to change them to spaces.

The principal sources of spacing interference are:

1. Unsuppressed carrier.

2. Noise, lightning, etc.

3. Infiltration from adjacent channels.

4. Modulation products.

For marking interference, these are:

1. Crowding (Saturation effects).

2. Out-of-phase parasitic currents.

Parasitic currents (noise, modulation, etc.) are usually not an im-

portant source of marking interference, as their phase relative to that

of the carrier forming the signal must fall within a rather narrow range

to be effective.

If there exists some unsuppressed carrier during spacing intervals

which is due to the design of the sending circuit, it will be fixed in value

and may therefore be taken care of in the initial adjustments of the

receiving circuit. All the other effects are of a chance character, being

for the most part dependent on the transmission circumstances on

associated channels or circuits. These effects, therefore, lead to

fortuitous distortion.

The effectiveness of all forms of interference is dependent upon the

ratio of their magnitudes to that of the signals with which they inter-

fere. On the other hand, the absolute magnitude of the greater part

of this interference depends upon the signal level. To establish a

balance between these two tendencies, the telegraph power per channel

which is transmitted over the circuit is selected so as to minimize the
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effects of interference on telegraph signals and at the same time cause

as little disturbance as possible to associated telegraph or telephone

circuits. In the Bell System, the four-wire cable circuits used for

telegraph purposes are for the most part devoted to this use exclusively

and are organized with terminal repeater gains adapted for this special

service. In the case of open-wire carrier-telephone circuits, on the

other hand, the overall gain from modulator input to demodulator

output is fixed by the telephone requirements, and the telegraph must

be adapted thereto. The power per telegraph channel in dbm.* now
used on cable and open-wire circuits is shown in Fig. 1 at various points.

The effect of changing the power on the line is illustrated qualita-

tively in Fig. 11, in which the variations of the received current with

increasing transmitted current are sketched diagrammatically for

various operating circumstances. By nominal power {a), is meant

the power which would be received if transmission took place over a

linear network having a fixed gain equal to the nominal gain of the

circuit. Owing principally to the reduction of repeater gain which

takes place with increasing load, the current actually received with all

channels marking, is less than this (c). If only one channel is marking,

some intermediate values (6) will be obtained of course, while if, as in

the case of regular operation, some of the channels are spacing and

others marking, still other values {c') will result. This saturation

effect is sometimes called "crowding."

One of the contributions to spacing interference consists of ambient

noise due to the combined crosstalk from all the other circuits in the

cable and to external induction. This current is represented by curve

e, which is shown as independent of the power transmitted ; this corre-

sponds to the situation existing where telegraph is a small part of the

total traffic in the cable under consideration, for evidently if the power

were increased on all the circuits the noise power would increase almost

proportionally.

A more serious source of spacing interference consists of parasitic

currents due to third-order modulation products arising directly or

indirectly from the interaction of the several channels of the same

system when passing through the non-linear elements of the circuit.

Second-order modulation products are taken care of quite effectively

by the receiving filters, due to the fact that the carriers are odd har-

monics of 85 cycles, while these products being even harmonics thereof

fall midway between channel frequencies. Since the attenuation of

the receiving filters in the frequency range occupied by neighboring

* The symbol dbm. as used in this paper may be read "db referred to 1 milliwatt."

It is intended to denote the ratio expressed in db of the power under consideration to

1 milliwatt; e.g., — 6 dbm. = .2512 milliwatt.
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channels is finite, some infiltration of undesired frequencies takes place.

Thus if a given channel is spacing and the adjacent ones marking, some

small fraction of the flanking carriers will find their way into the idle

a NOMINAL POWER

b I CHANNEL MARKING
OTHERS SPACING

C I CHANNEL MARKING
OTHERS OPERATING

C ALL CHANNELS MARKING

I CHANNEL SPACING
OTHERS OPERATING

I CHANNEL SPACING
OTHERS MARKING

e AMBIENT NOISE
(ALL CHANNELS SPACING)

POWER TRANSMITTED PER TELEGRAPH CHANNEL IN dbm

Fig. 11—Interference in cable circuits.

channel. Furthermore, if a channel is in operation, the sending filter

does not completely suppress the sideband components lying outside

the band assigned to it, and these pass freely through the receiving

filter of nearby channels. Unlike modulation, the effectiveness of
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filter action does not depend, to any large extent, upon the amount of

power per channel, since the ratio of the disturbing currents to the

signal remains approximately constant. Finally, such residual carrier

as exists during spacing intervals may be variable in amount due to

changes in the resistance of the sending relay contacts. If the power
levels are increased sufficiently the total spacing interference will

usually become due preponderantly to the modulation effects and

hence a function of total power on the line, as indicated in curves

d and d'

.

In order to estimate the quality of transmission to be expected from

circuits in view of these various interfering factors, it is desirable to

establish the following two definitions:

The signal-to-interference ratio * of a circuit is the ratio, expressed

in db, of the normal marking current plus the interference, to the

interference alone.

The marking interference is the ratio, expressed in db, of the

normal marking current alone, to the marking current plus the

interference.

A variety of results may be obtained under these definitions depend-

ing upon the methods of observation: it is customary, therefore, to

adopt the following practical specifications:

Signal-to-interference Ratio: The change in sensitivity, expressed

in db, required in the receiving circuit of a given channel, all other

channels being in a marking condition, to just cause the armature of

the receiving relay to go to its marking contact; first, with steady

marking current transmitted over the channel under test, and

second, with the channel under test opened at the sending end. It

is understood that the currents are turned on and off" by operating

the sending relays and moreover that the receiving relay operates

on one half the steady marking current. (E.g., no interference

= CO db; complete failure = 6 db, approximately.)

Marking Interference: The change in sensitivity, expressed in db,

required in the receiving circuit of a given channel to just cause the

armature of the receiving relay to go to its spacing contact; first,

with steady marking current transmitted over the channel under

test only, and second, with the interference added thereto. (E.g.,

no interference = db; complete failure — 6 db, approximately.)

While the above method for measuring spacing interference is the

one used in practice owing to the ease with which it can be applied,

* More precisely the signal to spacing-interference ratio.
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a more significant characteristic is the signal-to-interference ratio

obtained by observing the aforesaid change in receiving-circuit sensi-

tivity required to operate the receiving relay in a given channel, as

we go from a marking to a spacing condition in that channel with all

other channels transmitting uncoordinated signals. This is not only

a more practical consideration but a more severe condition, as indicated

by curve d' in Fig. 11.

Carrier telegraphy, as here considered, is a marginal system of

operation in which the current received for a marking condition corre-

sponds on the average to that shown by curve c', while that for a

spacing condition is the one represented by d'. The difference between

these two characteristics is not all available for operation, however,

since the receiving circuit must be made sufficiently sensitive to operate

when the marking current has risen to half its final value, thus bringing

the threshold of operation 6 db closer to the spacing interference.

From these considerations it follows that the actual operating margin

is an essentially variable quantity whose approximate value is less by
about 6 db than the signal-to-interference ratio measured as specified

above, since the indicated procedure takes account of marking as well

as of spacing interference effects.

The following definitions are also useful in reporting and interpreting

test results:

The interference margins of a circuit are the ratios, expressed in db,

of the actual interference and the amount of this interference which

will cause failure. More specifically:

(a) The spacing-interference margin is the increased sensitivity, ex-

pressed in db, required in the receiving circuit of a given channel

adjusted to receive unbiased signals in the absence of inter-

ference, to just cause the receiving relay to close when inter-

ference alone is present (e.g., no interference = oo db; complete

failure = db).

(b) The marking-interference margin is the decrease in sensitivity,

expressed in db, required in the receiving circuit of a given

channel adjusted to receive unbiased signals in the absence of

interference, to just cause the receiving relay to open when in-

terference is added (e.g., no interference = 6 db, approximately;

complete failure = db).

Clearly the various effects which have been defined above, being of

a variable and indeterminate character, contribute to the fortuitous

distortion of signals. This is illustrated in Fig. 12, which shows what
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may happen to a single dot. The extreme conditions of operation on

the particular channel under consideration are those where all of the

channels are marking or spacing. If they are all spacing, there is only

noise and unsuppressed carrier, and the change in received current

ALL OTHER CHANNELS
SPACING \ ->=^

ALL OTHER CHANNELS ^^^^^^^''^

MARKING ^Xj^^^V,.,,*—

/>^^^^R^LAY OPERATING
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circuit during normal operation, since the power transmitted over the

circuit then varies fortuitously over a range of 10.8 db for a 12-channel

circuit and 13.8 db for a 24-channel system, depending on the number
of channels which happen to be marking simultaneously.

A

2 4 6 8 10 12 14 16 18 20 22 24 26
NOMINAL POWER AT REPEATER OUTPUT (DUE TO 12 MARKING CHANNELS) IN dbm

uj 2.0

1.5

B
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A-INTERFERING CHANNELS
CLOSED
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As will be seen by reference to Fig. 13B there is a marked frequency

effect; the variations becoming greater for the higher frequency

channels. This is particularly noticeable where there is a large number
of channels operating simultaneously, as otherwise individual varia-

tions between channels tend to obscure the gradual trend.

Figure 14:A shows the marking interference, expressed in db, due to

changing from one channel marking to all channels marking for various

changes in repeater output ranging from 2.2 to 22.2 dbm. and a fre-

quency range extending from 425 to 4335 cycles.
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These interfering effects are subject to considerable variations from

channel to channel in an irregular manner depending on repeater

spacing, phase relations between the carrier sources, etc., so that the

characteristics given in Figs. 13 and 14 must be interpreted as indicating

average values and trends rather than specific amounts.

The erratic character of the results due to such fortuitous circum-

stances is particularly noticeable in spacing interference measurements

made as a function of channel frequency, or in those relating to parasitic

currents produced by steady currents in the remaining channels of the

system. The general effect of repeater load on spacing interference

is illustrated for a particular channel in Fig. 15. This refers to the case

where the interference is caused by non-synchronized signals on the

remaining channels.
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Operation Over Carrier Telephone Circuits

Where v-f. telegraph operates through the same repeaters as one
or more telephone circuits, as in the case of carrier-telephone systems,

a new form of variable interference arises due to the changing load

conditions introduced by variations in voice volume. Where there

are comparatively few telephone channels involved, as in the type C
carrier-telephone system for instance, there is very little averaging and
the voice peaks determine the repeater load which is effective in

25

<
g 10
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reduction in permissible repeater amplification as we change from two

4-vu to two 8-vu talkers is evident. This figure also shows that by
the use of the volume limiters mentioned at the beginning of the paper,

the repeater gains with the higher volume talkers may be made at least

as great as for the lower volume. This makes it possible to use the

present telephone circuits for carrier telegraph purposes without

change.
Drainage

The occurrence of atmospheric disturbances, and particularly

lightning, constitutes a potential hazard to the operation on open-wire

circuits of a service as exacting as carrier telegraph. Where such

circuits have been transposed for the operation of carrier telephone, the

transverse or metallic-circuit effects due to lightning discharges in the

neighborhood of the line are in general not serious, but the voltages

generated to ground are very often of sufficient magnitude to cause a

breakdown of the protectors. Since it has been found impracticable to

devise protectors with such precise limits that they will operate at the

same voltage and possess the same discharge characteristics, a transient

transverse current is set up in such cases which may cause telegraph

errors.

The remedy adopted consists in bridging drainage coils ^^ across the

line at all points where protectors are required, and in so connecting

them that they will either prevent a breakdown of the protectors or

assure simultaneous operation with equal discharge currents from

either wire to ground.

In Fig. 18^1 the drainage coil is shown bridged directly across each

end of the open-wire line between two sections of entrance cable.

These coils consist of two carefully balanced windings with the mid-

point grounded. They present a high impedance to voice or carrier

currents transversely, but offer only a small resistance to ground for

longitudinal currents compared with that across the adjacent protector

blocks. The chief disadvantage of this method, which is called

"direct drainage," is that it prevents the use of grounded telegraph

and interferes with the testing of the line by means of direct current.

To obviate this, the scheme shown in Fig. 18-5 has been devised, which

is termed "protector drainage." In this case, the drainage coil is

connected to the line wires through protectors having a low breakdown-

voltage. This combination is backed by high-voltage protectors to

insure unimpeded discharge in case of large disturbances. With this

arrangement the drainage coil does not come into operation unless

there is a severe disturbance, and furthermore owing to the mutual

inductance between the two halves of its windings it tends to cause
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such discharge to occur at the same moment and be of equal magnitude
from both wires of the pair to ground whenever it does operate.

Extensive tests and practical experience have shown that the above
arrangements are quite effective, affording a reduction of about 95
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Fig. 18—Drainage arrangements. A. Direct drainage. B. Protector drainage.

per cent in the number of disturbances occurring on the line as well as

in the number of errors in transmission resulting therefrom.

Carrier Supply

The inductor-alternator source for carrier frequencies used in the

original installation has been retained except for the addition of two
channel frequencies, and the substitution of improved means of speed

(frequency) control. The first mechanical governor was soon super-

seded by a center-contact device which is much less erratic in operation.

The carrier frequency can be shifted over quite a few cycles from its

correct value without affecting signal distortion appreciably but rapid

speed variations have a more serious effect. Two methods have been

used to overcome this difficulty. The first consists effectively in

making the generator part of a system having great overall inertia, the

second in subjecting it to very rigid control.

To secure the first end the VF generator is driven by a synchronous

motor operated from the lighting circuit. This arrangement can, of

course, be used only where the frequency of the commercial power is

regulated within narrow limits. The required generator speed being



194 BELL SYSTEM TECHNICAL JOURNAL

1700 r.p.m. a belt drive is used to reduce the motor speed of 1800 r.p.m,

to the proper value; small adjustments in speed being provided by-

means of a F pulley having an adjustable diameter.

In order to insure continuity of operation in case of failure of the

power supply the generator is also arranged to be driven by a d-c.

motor equipped with a mechanical governor. This motor is supplied

from the central office battery and is automatically switched thereto

in case the voltage of the commercial power supply falls below a

predetermined value.

In the second method the VF carrier-supply unit is governed by
means of a vacuum-tube circuit whose output is controlled by fre-

quency variations in the highest frequency channel, and the resulting

d-c. current is applied to the motor field. The operation of this device,

which has been described elsewhere,^^ may be briefly explained as

Fig. 19—Principle of tuned-circuit speed-regulator.

follows: It depends for accomplishing its purpose on producing varia-

tions in the strength of the current through an auxiliary regulating

field associated with the motor which drives the multi-frequency

generator. The essential features are shown in Fig. 19. The action

is as follows: The voltage of channel 12 (2295 cycles) of the generator

whose speed is to be controlled is applied simultaneously through a

divided circuit to the input and output of tube V^ which may be called

the phase-detector tube. The plate voltage is applied directly through

transformer 7*3, there being no B battery in the ordinary sense. The
grid voltage on the other hand is applied through the bridge W, one

of the arms of which is an anti-resonant circuit tuned to 2295 cycles.

The result is that the magnitude of the grid-filament voltage and its

phase relative to the plate voltage are dependent on frequency. When
the latter has its correct value the anti-resonant arm exactly balances

the bridge, and the a-c. voltage across T^ is nil. At higher frequencies
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this circuit acts like a capacitance, while at lower frequencies it acts

like an inductance. There is thus a rapid change in both the voltage

and in the phase thereof across T2 whenever there is a variation in

frequency on either side of the specified value. The output current

from V2, combining with the current impressed directly through T3,

produces corresponding abrupt changes in the d-c. component of the

resultant which in turn varies the bias of tube Vz and hence the current

through the regulating field of the motor.

In order to assure a rapid change in impedance with frequency, the

anti-resonant circuit referred to above comprises a carefully shielded

air-core coil having a very small resistance relative to its inductance.

The frequency indicator shown in Fig. 20-4 provides means for easily

note:-arrows show direction
of current and associated
letters show to which
contact armature is urged

Fig. 20—Frequency indicator. A. Schematic diagram. B. Attenuation of

two input-paths.

observing any departures of the carrier frequency from its nominal

value, as well as an automatic maximum-minimum alarm to warn the

attendant if these variations become excessive. Since all the carrier

currents are derived from generator elements which are mounted on a

common shaft, it is sufficient to observe the frequency of a single

channel. Current from channel 10 (1955 cycles) is impressed simul-

taneously on two vacuum tube circuits which are identical except for

the fact that there is a low-pass filter in the input of one while there is

a simple pad in the input of the other. As indicated in Fig. 20-B, the

loss through the pad is the same at all frequencies and equal to that of

the filter when the generator speed is correct. If the frequency in-

creases, the attenuation of the filter branch goes up; while if it de-

creases, its attenuation goes down ; but in any case the loss through the

pad remains constant, of course. The net resulting ampere-turns
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tend to move one or the other relay armature to the opposite contact

according as the frequency is high or low, and thereby ring the alarm.

This resulting current also indicates the amount by which the fre-

quency departs from its nominal value.

The frequency indicator may be used with either the mechanical

governor or with the synchronous drive, but it is of little use with the

vacuum tube tuned circuit control as the latter is too precise to

register any indications.

The frequency indicator does not permit a very close adjustment of

the mechanical governor nor does it provide a satisfactory check for

the correctness of the frequency of the commercial power when a

synchronous motor is used, so a stroboscopic method has been adopted

as an ultimate standard of comparison. This stroboscope consists of a

cylindrical target made up of three distinct peripheral rows of alternate

black and white segments mounted on the end of the generator shaft.

These segments may be viewed by means of a tuning fork fitted with

overlapping metal plates attached to the ends of the tines. Slits cut

in these plates lie opposite each other when the fork is at rest. When
it is set vibrating, vision through the slits can therefore be established

momentarily twice during each complete oscillation. By illuminating

the target with a steady source of light the apparent direction of motion

of the dots can thus be observed by looking through the slits. The
middle row of segments on the target is so proportioned as to appear

stationary if the speed is practically correct while the outer rows appear

respectively stationary if the speed is approximately 1 per cent above

or below the nominal value.

For offices where the frequency of the commercial supply is suffi-

ciently stable, an additional and somewhat more convenient method

for checking the speed has been made available. It consists of a

special target mounted on the generator shaft, which is illuminated by

a neon lamp associated with a wave-shaping circuit which makes the

flashing time a very brief portion of each pulse of the 60-cycle current.

In other words, the attendant in this case looks at the target constantly

under intermittent illumination, while in the former case he views it

intermittently under constant illumination.

Testing Facilities

While developments in carrier telegraph equipment have resulted in

considerable economies, the ever increasing demand for service which

is freer from errors and interruptions and is adaptable to circuits of

greater length and complexity has tended to render the maintenance

problem increasingly difficult and time consuming. Voice-frequency
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Fig. 21—Carrier-telegraph test set. General view.
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telegraph circuits equipped with level compensators must be subjected

to a series of specialized tests and adjustments whenever placed in

service and at periodic intervals thereafter. To provide for this, a

special testing set comprising in readily available form all the test

equipment required for this purpose, has recently been introduced.

It includes the following features:

1. Bias measuring circuit.

2. Filament-activity test-circuit and filament-current measuring

circuit.

3. Drift measuring circuit.

4. Test amplifier.

5. Adjustable attenuator.

With this set all terminal tests may be made from one end of the

circuit without the use of a line or external line-simulating repeater as

Fig. 22—Carrier-telegraph test set. Instrument panel.

was done in the past. It is mounted on a small wagon which may be

wheeled into position adjacent to the terminals to be tested, then

connected by means of a long cord and multiple contact plug to the

necessary battery supplies, grounds, etc. The general appearance of

the set is shown in Fig. 21, while a more detailed view of the face

equipment may be obtained from Fig. 22.

The bias measuring circuit is shown in simplified form in Fig. 23.

It uses a 215 type polar relay ,^^ or its equivalent, with a meter con-

nected in the armature circuit. This meter, which permits measuring

to an accuracy better than 1 per cent, is specially designed to have the

proper ballistic and damping characteristics to permit measuring dot
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signals having a rate of 11 d.p.s. The reason for providing 11 -cycle

reversals is that experience has shown that these more nearly simulate

miscellaneous teletypewriter signals, both with respect to bias and

drift, than the higher speed reversals used in the past. An end scale

BIAS SIGNAL
POLAR

, p p—P-P^
RELAY 4 J I JV

POLAR
I

NEUTRAL
I 1

X
TO INTERLOCKING JACKS
CONNECTED TO RECEIVE
SIGNALS FROM NORMAL
AND REVERSED 130-VOLT
LOOPS AND 48-VOLT
"HUB" CIRCUITS

Fig. 23—Carrier-telegraph test set. Bias measuring circuit.

adjustment EA permits correction for battery variations, while a

second adjustment RA allows for correcting any residual bias which

may be present in the 215 type relay or in the dot signals used for

the tests.

DISTRIBUTOR

o">-T— -I- -1 r~

M
DRIFT METER

(5 MILS)

CIRCUIT TO BE OBSERVED

Fig. 24—Carrier-telegraph test set.

DRIFT MEASURING CIRCUIT

Drift measuring circuit.

In order to observe and correct for the drift effect discussed previ-

ously, a special circuit is provided which is illustrated in Fig. 24. The

skeletonized diagram of the carrier-terminal circuit to which it is

applied, shown to the left in dotted lines, will help to understand the
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function of this measuring device. The object is to observe the change

in voltage experienced by the upper plate of the level compensator

condenser when incoming signals are changed from steady marking to

dots. The circuit provided for this purpose is essentially a vacuum-

tube electrostatic voltmeter of the conventional type.
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APPENDIX

LEVEL COMPENSATOR THEORY

The theory of the level compensator may best be considered in two

stages, first taking the steady marking condition, and second the

condition where signals are being received.

Steady Marking Condition

Figure 25^ shows the essential elements involved when the steady

current /o flows through the receiving relay. Figure 2SB is the

F"ig. 25—Theory of level compensator. .1. Simplified circuit.

B. Equivalent circuit.

equivalent of the grid circuit shown in heavy lines on Fig. ISA, on the

assumption that the grid-filament space is effectively a switch which

turns the grid current on or off when the grid goes positive or negative,
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respectively, and that the interstage transformer is perfect. The tube

resistance which is effective during the conducting period may be

included in R and considered constant, as it is relatively small compared
to the other resistances involved.

In describing the principle of action of the level compensator, it has

been pointed out that for proper compensation the point of relay

operation AA (Fig. 7) should bisect the crest value of the signal pulse

in each case. In this figure, the three envelopes shown correspond to

very short signal pulses; if the signals were sufficiently long so that a

steady marking condition were reached, as is usually the case, the crest

of the signal would coincide with the peaks of the steady carrier wave,

and AA would bisect its positive loops.

For long signals the condition for proper compensation is therefore

that the relay will just operate at one-half the steady-state carrier

voltage. This is true for all carrier voltages E which equal or exceed

the value required to make the grid positive. In the particular cdse

where E just fails to cause the condenser to charge, E = — Eo and the

relay operates when a value — Eo/2 is reached. For any other greater

value of E it is necessary in addition to overcome the voltage due to

the charge on the condenser before the relay will operate. The cri-

terion for perfect compensation where signals are of sufficient duration

so that the steady state is reached is therefore:

f + f-.. = o, (1)

where E is the maximum value of the instantaneous steady state

carrier voltage, and E, Eq are arbitrarily taken with such polarities

as to urge the mesh current ia in the direction indicated in Fig. 25B,

while Be is negative because it opposes the current ia which gives

rise to it.

Substituting Cc — Q/C in (1) we have

where Q is the average charge existing on the condenser during a long

mark for any particular value of E. The problem of compensation

then resolves itself in adjusting the constants C, R, Re, and Eq so that

relation (la) will hold; in other words an expression for Q must be

found in terms of these parameters. The problem is not susceptible

of explicit solution, but expressions will be derived which are believed

to clarify the operation of the compensator and permit computation.
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Referring to Fig. 26 let A represent the positive halves of the open

circuit voltage across the secondary of the interstage transformer due

to the steadily impressed carrier; and B represent the instantaneous

E SIN u;(t + ti)

TIME (t)

Fig. 26—Theory of level compensator. A. Carrier voltage.

B. Condenser charge.

charge on the condenser. Reckoning time from the instant a when the

grid goes positive, we have:

e = E sin w{t + ^i), (2)

where co/27r is the carrier frequency.

Consider the instant at which / = — /i: e is increasing through its

zero value, the switch representing the grid-filament space (Fig. 255)

is open and the condenser is discharging through Re. This state of

affairs continues until e reaches a value which nullifies the condenser

voltage plus the steady grid bias so that the voltage across the switch



ADVANCES IN CARRIER TELEGRAPH TRANSMISSION 203

is zero. At / = 0, the switch closes and current ib starts to flow. If

Qi is the charge on the condenser at / = 0,

^ = E sin co/i + Eo. (3)

The switch remains closed while e increases to its crest value at b and
then decreases until, at time / = /2, the grid goes negative. If Q^ is

the charge on the condenser bX t = h

^ = E sin co{h + h) + Eo.
'

(4)

The switch now opens, and the condenser discharges through Re
until the switch closes once more at ^ = 7" to begin another cycle, T
being the carrier period lirjw. During this interval the charge on the

condenser is given by

q = Q^^~(t~t2)iCRc^
(5)

In order that steady-state conditions may prevail, that is, in order

that every cycle be the same as its predecessor, q must again equal

Qi when / — T. Hence

or, setting

£) = ^-{T-t2)ICRc

Qi = Q2D. (6)

In connection with equation (la) it has been pointed out that what
is sought is an expression for the average charge Q in terms of the

parameters. Referring to Fig. 26B, it will be seen that this average

lies somewhere between Qi and Q2, but since Qi is very large compared
with Q2 — Qi, we may take either Qi or Q2 as equal to the average

charge ^ in (la), when considering the effect of bias on the grid of the

detector tube in producing compensator action. For the sake of

definiteness, let:

2 \2 C (^b)

Equations 3, 4 and 6 contain the five unknowns E, Qi, Q2, ti, h; hence

one more relation must be established before we can get the desired

formulation between E and Qi. The circuit equations for Fig. 255
when the switch is closed (charging period) furnish the required

relation. Thus:

I + Rc{ia - ib) =

(R + Rc)ib - Rda = E sin <^{t + h) + £0.
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Eliminating ih, setting ia = "^and a = {R -{- Rc)jRRcC we have

dq . E . , . Eo-J^aq = -^sm<.(f + tr) + -,

whence

q = EPF(t + /,) + :^ + ^ e-«S (7)aK

where A is the constant of integration and

P = \IR{a} -\- 00^), F{x) = a sin oox — o) cos wx.

Since q obeys (7) from / = until t = h, we have for the initial and

final charges during the charging portion of the cycle:

Q, = EPF{h) +^ + A
aK

Q, = EPF{h + /2) +^ + Ae--'^'\
aK

Eliminating A

Qi - <226«'^ = EP r F(/0 - e"^^Fih + h) +^ [ 1 - ^"'^1
- (8)

which is the additional equation required.

It now merely remains to eliminate some of the unknowns. To this

end we first eliminate Qi and Q2 from (3) and (4) by means of (6) and,

solving for E, obtain

£ = — Eo :
. (9)D sin co(/i + ^2) — sin co/i

A second expression for E involving the same variables is next obtained

by replacing Qi and Q2 in (8) by their values as given by (3) and (4).

Equating these two expressions for E leads to

:

G2 + G3 sin C0/2 — BG2 cos (joti

re
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the other hand /2 will not exceed tt/oj as E approaches infinity. Hence,

if from equation (10) we obtain corresponding pairs of ti and /2 by
substituting values of ti ranging from 00/2 = to w/2 = tt and solving

for /i, we may substitute the pairs of values so obtained in (9), thereby

arriving at a relation between E and ti. Corresponding pairs of these

two latter quantities can finally be substituted in (3) thus obtaining

a relation between E and Qi/C.

From (lb) we may express the departure from perfect compensation

as a voltage A V which would have to be added to the condenser voltage

to bring about this ideal condition. Viz:

2^2 c

'

(11)

By inserting corresponding values of E and Qi/C, as obtained in the

preceding paragraph, the precision of compensation obtained with

any given set of parameters may be calculated.

(A)

^ . positive
H_Lgrid

d' RECEIVING
RELAY
OPERATES

. positive
4l grid

\d' RECEIVING
RELAY

OPERATES

Fig. 27—Function of level-compensator relay. A. Square signal.

B. Rounded signal.

Signaling Condition

Figure 27^1 shows the form which the received signals would have

if the transfer admittance of the circuit were independent of fre-

quency. If the level compensator consisted only of the simple

condenser-resistance circuit shown in Fig. 25^1, a large part of the
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charge accumulated during a mark would be dissipated during the

following space, and since both marks and spaces continually change in

relative lengths, this would give rise to characteristic distortion. This

difficulty could be taken care of by having a relay operating in unison

with the receiving relay and serving to disconnect the leakage resistance

Re during spaces in the manner shown in Fig. 6. Actually, however,

the presence of the channel filters causes the received signals to resemble

more nearly Fig. 275. This leads to a further difficulty due to the

fact that the charging intervals ah, cd, etc., are shorter than the periods

a'b', c'd', etc., during which the receiving relay is closed. To remedy
this, the compensator relay is biased towards spacing by means of the

resistance AB (Fig. 6) and associated battery; the operating impulses

being first rounded off by the resistances, condenser, and inductance

in the wave shaping circuit to make them susceptible of such time bias.

A necessary condition to be fulfilled by this circuit is that it should

supply enough energy to the compensator relay to operate it even

under conditions of extreme bias.

Drift

Returning to Fig. 275, we may consider the bias of the compensator

relay as equal to a'h' — ah for the shorter signal or c'd' — cd for the

longer one. These biases are, of course, equal time intervals which

we will denote by 5. From this it can readily be shown that in a given

period—one second for instance—the grid will be conducting during a

longer time for a group of long signals than for a group of short ones.

Thus, let it be assumed for example, that c'd' = 2a'b' and let n be

the number of marking conditions of length a'h' in a given interval;

we have for the cumulative charging time in the two cases:

Ta = n{a'h' - 8)

whence

Tb-^"^ (c'd' -8) = n( a'h' - | .
.

J- B = 1 A -r -^ •

It follows that the charge on condenser C is greater for the longer

signals. If, therefore, the receiving circuit is adjusted to give unbiased

signals when dot signals at the rate of 11 d.p.s. are received, similar

signals at 23 d.p.s. will be biased positively. Experience shows that an

adjustment which gives zero bias with 11 d.p.s. dots will give sub-

stantially unbiased signals with the standard test-sentence; hence
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circuits adjusted with 23 d.p.s. dots should be given a small initial

positive bias.

It will be noted that the effective voltage available for charging the

condenser is not constant throughout the interval ab. The maximum
value which it can attain, and does attain if the signal is sufficiently

long, equals the effective charging voltage during steady marking; on

the other hand if the signal is very short, this value may never be

reached. It follows that the charge accumulated by the condenser

for any kind of intermittent signals is always less than that for steady

marking; the amount of the discrepancy depending on the wave shape

of the envelope.

As a result of these effects, and other similar conditions which tend

to modify the average charge on the condenser depending on the

character of the received signals, there is a perceptible amount of /^

characteristic distortion manifesting itself in a fortuitous manner during

the reception of ordinary text.

The change in the mean condenser charge can easily be observed if

after a steady marking condition has been maintained for a few seconds,

dots are suddenly impressed on the circuit and their bias observed.

The latter will be found to drift as the charge assumes a new mean
value. In practice, an adjustment is made for this by observing the

change in voltage across the condenser under these two conditions and

adjusting the compensator-relay bias to maintain the drift within

limits which experience has shown to give minimum distortion with

ordinary text.
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Electrical Drying of Telephone Cable

By L. G. WADE

DRYING equipment has recently been installed at the Kearny

Works of the Western Electric Company whereby exchange area

telephone cable is heated to a temperature of 270 degrees Fahrenheit

by passing direct electric current through the copper wire conductors.

Before discussing this installation in detail, however, it might be well

first to outline the type of material handled and to review briefly the

history of telephone cable drying methods and the reasons for the

changes that have occurred.

Telephone cable consists of a number of individual paper ribbon or

pulp insulated wires grouped together and the whole then covered

with a serving of wrapping paper before being sheathed in lead.

Cables may vary in length from a few feet up to several thousand

feet, and in number of pairs from 6 to 2121. The size of the wire

ranges from 26 American Wire Gauge to 10 American Wire Gauge,

with some of the product often containing as many as two or three

different sizes of wire in the same cable. One or more cable lengths

are wound on a core truck which may be readily moved from one

place to another by means of an electric truck.

Early cables were textile insulated and then dried by placing the

cores in a heated oven, followed by boiling in a tank containing a

sealing mixture or impregnant. The impregnant was used to keep

the cable relatively dry in the rather imperfect lead sheath developed

at that time. However, with the advent of an improved lead sheath

extruded directly on the core, which would guarantee the excluding

of any water, it was found desirable to go to a dry paper insulated

telephone cable. This change in design reduced capacitance to about

one-half of the previous values. The paper insulated cable was dried

in a brick oven with gas retorts below a grille floor for maintaining the

oven temperature between 215 degrees and 250 degrees Fahrenheit.

This method of drying produced satisfactory results for short-haul

cables in use at that time. However, with the possibility of longer lead

covered cable circuits replacing open telephone lines, it became neces-

sary to obtain a greater degree of dryness in order to meet the new
demand for transmission quality. The toll cables, which were for the

longer haul, were therefore given an additional drying after the

209
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sheathing operation. This was accompHshed by passing calcium

chloride dried air at a temperature of 270 degrees Fahrenheit through

the heated cable for a period of twenty-four hours. About 1917 the

brick ovens were replaced by steam heated vacuum tanks which

reduced the drying period to about one-third that used for the brick

ovens and very greatly improved the dryness of all types of telephone

cable.

Calcium chloride drying of toll cable was continued until 1927. It

then became necessary to provide a means of keeping the cable from

regaining appreciable amounts of moisture between the vacuum dry-

ing operation and lead covering. After considerable investigation a

dry core storage room was developed where the dry cable could be

held at .3 per cent to .5 per cent relative humidity until ready for

covering.^ With the improvement in vacuum tank drying and with

cable stored under such a dry condition until the protective sheath

could be applied, transmission quality of the shorter lengths of cable

approached the level of the calcium chloride drying while there was
some improvement in drying the longer lengths. This change in

handling cable resulted in a large reduction in drying cost.

Still further improvements in drying methods have been obtained

by heating the cable electrically rather than by radiation from steam

coils in the drying chamber. Considerable thought had been given

to this method over a number of years and the first unit of equipment

was installed experimentally at the Baltimore Works in 1931. This

unit has been in successful operation since that time for drying a part

of the toll cable output and has furnished most of the data used in

engineering the Kearny installation. The choice of the Kearny Plant

for the first large scale installation was due largely to reduced oper-

ating and maintenance costs. The following discussion covers the

type of equipment used in this installation and points out in closing

some of the advantages gained in reduced cost and better drying

of cable.

In preliminary experimental work on electrical drying a low voltage

transformer was used to supply alternating current and the cable

rendered non-inductive on its core truck by short-circuiting one end

and dividing the other end and attaching to the source of power.

However, such a set-up places the full voltage between a considerable

portion of the conductors near the clamped ends, a condition not

suited for telephone cable. Since, in telephone cable, the conductors

are insulated with a thin tube of pulp or ribbon paper, the insulation

* Drying and Air Conditioning in Cable Manufacture, J. Wells and L. G. Wade,
Chemical and Metallurgical Engineering, March 1932.
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resistance between wires is low in an undried cable, particularly when
moisture is leaving the cable during the drying operation. The choice

of direct current not only eliminated the danger of breakdown between

conductors (all conductors are grouped in parallel) but simplified the

preparation and clamping of the cable for drying. Direct current also

makes it possible readily to obtain practically any starting voltage

between the maximum and minimum range of the equipment, a require-

ment necessitated by the great variety of cable lengths.

The electric drying installation at Kearny consists of a motor gen-

erator set for supplying the direct current for heating. Fig. 1, control

Fig. 1—Power supply set showing two generators for furnishing heating current.

equipment for starting and regulating the motor generator set, Fig. 2,

and dome type dryers for holding the cable and its core truck under

a vacuum of }/2 inch to 1 inch of mercury back pressure during the

heating and evacuation period, Fig. 3. A central control panel is

located at the dryers on which is mounted apparatus for limiting the

heating period to a predetermined amount, as well as visual instru-

ments for indicating information for the operator's use in properly

running the drying process.

All cables are dried at the same starting current density per unit

of cross-section of the copper wire. With this as a starting point the
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capacity and type of the motor generator set were determined from

the sizes and lengths of cables to be dried, balancing the first cost and

efficiency against loss of capacity when handling some cables requiring

Fig. 2—CoiUrol panel for starting motor generator set and controlling the
drying operation.

a longer heating period. This latter might be due to too large a cable

or too long a length to be heated at the standard rate. In determining

the capacity for a fixed starting current density, consideration .was

given to the cost of equipment, length of heating period and general
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Fig. 3—Dome type dryers for holding cable and its core truck. One dome up,

showing core truck in position.
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overall efficiency of the drying operation. As shown by the curves in

Fig. 4, 4 amperes per 19-gauge wire or equivalent provided about the

lowest equipment cost. The heating period under this starting cur-

Flg. 5—D-C. power panel. The contactors in the upper row connect the gen-

erators either in parallel or in series. The contactors in the lower row connect the

power supply to any of three dryers. All contactors are operated by switches on
the control panel.

rent density was approximately one-half hour, which fitted very well

into the plan for servicing the lead presses with dry cable cores.

In determining the type of equipment it was decided to provide

two generators on the set. For the shorter lengths of large cable
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where low voltage is required, the two generators are operated in

parallel. For the long lengths of small cable where higher voltage is

required, the generators are operated in series. Suitable switching

equipment on the control board provides ready means for changing

to either method of operating the generators through large contactors

located on the power panel, Fig. 5. Such an arrangement permitted

the maximum capacity of the unit to be reduced one-half and the

average starting load to be increased to 90 per cent of full load. This

not only increased operating efficiency but very greatly reduced instal-

lation costs. Three such generating units were provided for handling

the entire product at Kearny, one large, one intermediate and one small.

<0 40

o
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variation in the actual voltage regulation for any two load conditions

amounted to a change in heating time of approximately one minute.

This small difference permits the use of one heating period for all

cable as some variation in final temperature is permissible. As will

be noted, the generators gave a slightly rising voltage as the current

dropped, which contributed to a shortening of the heating period.

The control panel located at the dryers contains switches for starting

and stopping the motor generator set, as well as indicating and control

equipment for properly conducting the drying operation, Fig. 2. In-

cluded in the indicating equipment is a voltmeter and ammeter for

showing the potential and current readings for the cable at any time.

At the beginning of the heating cycle the operator adjusts the rheostat

controlling the field amperage in the generator until the proper voltage

is obtained across the cable. This reading is determined from the

cable length since the voltage for the specified current density is

directly proportional to the cable length. Having established the

proper voltage the operator then checks the ammeter for the proper

current reading which, in turn, is determined by the size and number
of conductors in the cable. To simplify the work, charts are prepared

which show the voltage and corresponding starting current for all

lengths and sizes of cable to be dried.

As the cable increases in temperature the current falls in direct

proportion to the increase in conductor resistance, which in turn is

determined by the temperature coefficient of copper (voltage con-

stant). A chart can be used, therefore, to determine the final current

for the desired drying temperature. As noted above, the voltage rises

slightly as the current falls and the corresponding correction is made
in the chart for final current readings for the various sizes of cable.

Such a control by final current readings is all that would be needed

if the set were operated manually. However, it is not only more

economical to release the operator from watching the ammeter but it

has proved advisable for the safety of the product to control the

drying cycle automatically. This is accomplished by a time relay and

a temperature controller, either of which operates at a predetermined

setting to open the field circuit on the direct current generator. The
opening of the field circuit operates a signal device to let the operator

know that the heating cycle is over so that the next one can be started

without delay. The time relay is set from actual experience for a

period slightly longer than the required heating time and serves as a

protection in case of failure in the heating control circuit. The tem-

perature controller is operated from a thermocouple embedded be-



ELECTRICAL DRYING OF TELEPHONE CABLE 217

Fig. 7—Close-up of dryer with dome in raised position showing the operator
tightening electrode clamp to cable. Thermocouple shown in place between layers

of cable.

tween layers of the cable and is set to operate at the final desired

temperature.

The drying chamber consists of a dome type shell that can be raised

and lowered over a base, Figs. 3 and 7. The base is level with the

floor line so that the cable core trucks can be handled readily in and
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out of the dryer. The dome is fitted with a gasket to provide for

sealing with the base during evacuation. Steam coils are also pro-

vided inside the dome for keeping the dryer up to temperature during

operation and provide a slight amount of heat to the cable during the

short electrical heating period. The bus bars, vacuum connections

and thermocouple leads enter through the base. The bus bars end

in large vise-like clamps for firmly holding the ends of the cable. In

the units for drying the larger cables the clamps are water cooled for

carrying away the heat due to contact resistance. The core truck

and cable are insulated from ground in order to minimize the danger

Fig. 8—Removal of paper from cable end and testing of circuits preparatory
to drying.

from short circuit should the cable ground on the core truck. The
push-button control for raising and lowering the domes is interlocked

with the control for the heating cycles so that voltage cannot be

applied at the clamp when the domes are up.

For the sizes and lengths of cables to be dried it was found advisable

to have three dome dryers to one motor generator set, since all cables

need some additional vacuum drying after the heating period is over.

This arrangement also permits the removal of the dried cable and the

loading of the next cable to be dried while the other two units are in

operation. When the current is automatically disconnected at the
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completion of the heating cycle in progress, the operator turns the

rheostat to zero voltage and throws a threerway switch, which con-

nects the set to the next cable to be heated.

In preparing the cable for the regular testing process the insulation

is removed from one end for a distance of four or five inches, Fig. 8.

After the test shows that the cable is satisfactory for lead covering,

the insulation is removed from the other end. At each end the wires

are bunched together and tied with cotton string so that the individual

wires act together in parallel the same as one large wire. The weight

of insulation is sufficiently near enough to the ratio of the wire sizes

so that a cable made up of several sizes of individual conductors and

their particular insulation will heat satisfactorily by applying heat in

proportion to the size of wire.

The electrical drying of cables requires a total of approximately

13^ hours as compared to the process it is replacing, which requires

12 hours or more and necessitates three-shift operation of the vacuum
dryers. The short period permits a more rapid turnover of process

stock as well as better planning of manufacture. By coordinating

the drying and lead sheathing operations cables are lead covered imme-

diately following their removal from the drying tank. The regain

of moisture is slight under this condition and therefore the expensive

storage oven is unnecessary. As a consequence, the total cost of

equipment for the drying operation has been reduced to one-half the

former investment value and the floor space from 19,000 square feet

to 9500 square feet. Another advantage follows from replacing the

continuous three-shift operation by one that operates only in sequence

with other operations that may be only on a one- or at most a two-

shift basis.

By applying heat to each conductor in proportion to the size of

wire, each cable is given an individual treatment which insures a

uniformity of drying not possible in the old vacuum tank process.

In the replaced system several truckloads of varying amounts of cable

were placed in the same vacuum tank and all dried for the same period.

It was an averaging process leading to variations in dryness of indi-

vidual cables and followed of necessity from the fact that a large num-
ber of different designs and lengths must be handled each day. To
approximate individual handling under such a condition, where the

drying period was 12 hours or more, would have involved a large

number of dryers and increased floor space and operator-time. Also

in the replaced system the layers of cable in the center position on
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the core truck were not fully up to the temperature of the outer layers,
leading to variations ia drying throughout the length. Thus, with
the tendency in manufacture toward longer and longer lengths on
the core truck, the variations in the degree of dryness under the vac-
uum tank process and the advantages of the electrical drying become
more pronounced.
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Electrical Wave Filters Employing Crystals

with Normal and Divided Electrodes

By W. p. MASON and R. A. SYKES

I. Introduction

N SEVERAL previous papers ^^ ^^ ^'
"* the application pf piezo-

electric crystals to electric wave filters has been discussed. The
underlying principles and some of the design procedures were given.

These filters have received wide application in carrier telephone

systems and radio systems both in the United States and abroad.^

It is the purpose of the present paper to discuss more completely all

the standard types of filters with crystals, and methods for deter-

mining their constants and attenuation characteristics. In addition

some of the newer results for simplifying such filters are given.

The use of a divided plate crystal for filters resulted in cutting

the number of crystals in half as was pointed out in three former

papers. 2' ^' ^ The theory of the use of such crystals is discussed in

this paper and an equivalent circuit is given for a crystal with two
sets of plates. The application of this circuit to unbalanced filters

allows the results for balanced lattice filters to be realized for un-

balanced filters. For one connection of the two plates the resonance

of the crystal can be made to appear in one arm of the equivalent

lattice, while for the reverse connection the resonance appears in the

other arm of the lattice.

II. Crystal Filter Sections Which Can Be Realized in

Lattice Networks

As pointed out in a previous paper ^ the most general filter char-

acteristics for networks employing crystals can be realized in a lattice

network, since every known form of a network can be reduced to a

1 "Electrical Wave Filters Employing Quartz Crystals as Elements," W. P.
Mason, B. S. T. J., July 1934, pp. 405-452.

2 "Resistance Compensated Band Pass Crystal Filters for Unbalanced Circuits,"
W. P. Mason, B. S. T. J., Oct. 1937, pp. 423-436.

3 "The Evolution of the Crystal Wave Filter," O. E. Buckley, Jotir. of Applied
Physics, Oct. 1936.

* "Crystal Channel Filters for the Cable Carrier Systems," C. E. Lane, B. S. T. J.,

Vol. XVII, Jan. 1938, p. 125.
^ "Channel Filters Employing Crystal Resonators," H. Stanesby and E. R. Broad,

P. O. E. E. Joiir., 31, pp. 254-264, Jan. 1939.
' Loc. cit.
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lattice network with realizable constants, whereas the converse is not

necessarily true.

Let us consider first what types of filter characteristics can be

obtained by using a crystal in one arm of a lattice network, and
electrical or crystal elements in the other arm. As is well known the

equivalent electrical network of a crystal is as shown in Fig. 1. The

Li C,

I

—

"W^^—i

Ca=Co+c, ; Cb=§- (co + Ci) ' ^i

C^)'
fn = _ f

Vttc; Co

Fig. 1—Equivalent electrical circuit and reactance frequency
characteristic of piezo-electric crystal.

element values, as calculated in a recent paper, for a plated crystal

vibrating longitudinally are ^

Co
J\~lw^ t X

1

A-rrh 9 X 10Yj
farads; ^ _ o a 12" Iwly ^,

(-'2 — —r, -?r,
—

•
-1— X

1

Lx = ^P4r X 9 X 1011 henries,

Tt'^ 5'22 h '^ 9 X 10"
^^'^"^^^

(1)

where ly, h, U are respectively the length, width, and thickness of the

crystal expressed in centimeters, K = specific inductive capacity,

522' = inverse of Young's modulus along the direction of vibration,

dn is the value of the piezo-electric constant along the direction

of vibration, and p is the density of the crystal. The resistance

depends on the clamping resistance, acoustic radiation from the ends

of the crystal, internal damping losses, etc. In general the ratio of

the reactance of the inductance Li to the resistance R at the resonant

frequency Jr is from 20,000 to 300,000, depending on how the crystal

is mounted, whether it is evacuated, etc. In general this resistance is

so small that it can be neglected for design purposes, and only the ideal

reactance characteristic need be considered.

^"A Dynamic Measurement of the Elastic, Electric and Piezoelectric Constants
of Rochelle Salt," W. P. Mason, Phys. Rev., Vol. 55, April 15, 1939, p. 775.
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The reactance characteristic of the crystal, as shown in Fig. 1, is a

negative reactance at low frequencies up to a resonant frequency /r.

For frequencies greater than //j, the reactance becomer positive up to

the anti-resonant frequency /a, above which the reactance is again

negative. The ratio of the anti-resonant frequency to the resonant

frequency is determined directly by the ratio r of Co to C\ existing in

the crystal. As shown by Fig. 1,

f:=x/'+7- (^)

This ratio is usually greater than 125 for a quartz crystal and hence

the anti-resonant frequency is less than .4 per cent higher than the

resonant frequency.

The previous papers considered mainly band-pass filters and dis-

cussed briefly low and high-pass crystal filters. It is also possible to

obtain band elimination and all-pass crystal filters by combining

electrical elements with the crystals in the proper manner. We
consider, first, all the types of filters which can be obtained by using

a single crystal in one arm of a lattice filter and electrical elements in

the other arms. Figure 2 shows all the possible single-band character-

istics which can be obtained by using a crystal in one arm and an

electrical impedance, or crystal impedance, in the other lattice arm.

For example, the first filter of the table shows a filter with a crystal in

one arm and a capacitance in the other arm. Column B shows the

reactance characteristic of each arm. A lattice filter will have a pass

band when the reactances are of opposite sign and will attenuate when
the reactances are the same sign. When the two reactances are equal

the filter will have an infinite attenuation. This result follows from

the expressions for the propagation constant and characteristic

impedance of a balanced lattice network which are

tanh ^ = ^|i
; Z, = -{Z^-,, (3)

where Z\ is the impedance of the series arm of the lattice and Zi that

of the shunt arm. The third column shows the attenuation character-

istic of this filter. It is a narrow band filter having a pass band
between the resonant and anti-resonant frequencies of the filter.

There is a peak of attenuation either above or below the band de-

pending on the value of the capacitance C\ in the lattice arm. The
last column shows the value of the characteristic impedance of the

filter as a function of the frequency. The dotted line indicates a
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reactance while a solid line indicates a resistance. In the pass band
the filter has a resistive characteristic indicating a transmission of

energy, while in the attenuating band the characteristic impedance is

reactive indicating a reflection of energy.

Filter No. 2 shows what characteristic will be obtained if an ideal

inductance is used in the lattice arm. As can be seen a band elimi-

nation filter will result with one attenuation peak. The width of the

suppression band will be the separation between the resonant and

anti-resonant frequencies.

The use of a series resonant circuit results in a high-pass filter as

can be seen from filter No. 3. It is possible to obtain two dispositions

of the resonant frequencies which will give a single pass band as shown

by the two sets of curves. The first set gives a high-pass filter with

two attenuation peaks and a simple characteristic impedance. The
other arrangement gives one attenuation peak and a more complicated

type of characteristic impedance. The theory of this balancing of

characteristics obtainable with a lattice filter is well known/ and is

useful, when it is necessary on account of reflection efTects, to make
the characteristic impedance constant nearly to the cutoff.

The use of an anti-resonant circuit results in a low-pass filter as

shown by filter No. 4. Two characteristics are possible. Filters No. 5

and 6 show the characteristics obtainable by using series resonant

circuits shunted by a capacitance or an inductance. In one case a

band-pass filter with two peaks results, and in the other either a band

suppression filter with two attenuation peaks or an all pass filter.

It will be noted that the configurations used in the lattice arm of

filter 5 is the equivalent circuit of the crystal and hence a crystal can

be used in this arm. In fact the circuit is similar to one discussed in

the former paper.

^

Since the crystal positive reactance region is very narrow (< .4%),

all of the band pass and band elimination filters obtained by using a

crystal in one arm will of necessity have very narrow band pass or

band suppression regions. For high and low-pass filters the attenua-

tion peaks will of necessity come close to the cutoff frequencies.

In the all-pass structure the phase shift will be very sharp in the

neighborhood of the crystal resonance. It was shown in the first

paper, ^ that wider pass bands and more general characteristics can be

obtained by employing inductance coils in series or parallel with the

crystal. Figures 3 and 4 show the possible types of filters obtained by
^ Cauer, Siebschattungen VDI, Verlag Berlin, 1931. H. W. Bode, "A General

Theory of Electric Wave Filters," Jour, of Math, and Physics, Vol. XIII, pp. 275-362,
Nov. 1934.

^ Loc. cit.



226 BELL SYSTEM TECHNICAL JOURNAL

FILTER
NO.

^'^ \\\^
00

A



ELECTRICAL WAVE FILTERS EMPLOYING CRYSTALS 227

FILTER
NO

+ 00



228 BELL SYSTEM TECHNICAL JOURNAL

using a crystal and coil in one arm of the lattice and electrical elements

in the other. Band-pass, band elimination, high and low-pass, and

all-pass filters result. Only the simplest combinations of resonant

frequencies giving the highest amount of attenuation are shown. As

in filters 4 and 6 of Fig. 2, some of the anti-resonances and resonances

of the two arms may be made to coincide giving filters with less

attenuation but more flexibility in the impedance characteristics.

Condensers can be incorporated in parallel or series with the crystals

without affecting the type of characteristic obtained. This procedure

is useful in controlling the widths of the pass or attenuation bands

and in controlUng the position of the peak values. In a number of

the filters of Figs. 3 and 4, the equivalent circuit of the crystal occurs

in the electrical circuit in the lattice arms. In these filters, crystals

can also be used in the lattice arms. Filters 1 and 5 of Fig. 3 and

filters 2 and 6 of Fig. 4 are band-pass filters which have been discussed

in detail in former papers.^- ^

Crystals may also be used in more complicated electrical circuits,

for example with transformers as shown in Fig. 5. This figure shows

high, low, band-pass, band elimination and all-pass filters which can

be constructed by employmg transformers and crystals in each arm.

More complicated structures still using single crystals can also be

constructed but they tend to be of less importance since the dissipation

introduced by the electrical elements neutralizes any benefit of using

crystals.

It is possible, however, to use more crystals than one in one arm of

a lattice and obtain filters having higher insertion losses outside the

band without introducing more loss due to the electrical elements in

the band. Figure 6 shows a number of such combinations with and

without coils. The result of adding an additional crystal in one arm
of a lattice is to add another elementary section of the type discussed

in Appendix I. An example ^ of the characteristic obtainable with a

band-pass filter with two crystals in each arm is shown on Fig. 7.

All of the filters discussed above were assumed to be constructed

from dissipationless elements. When coils are used, however, a

certain amount of resistance is associated with them which may alter

the characteristics obtainable. As has been pointed out previously,^

if the dissipation associated with the coils can be brought out to the

ends of the arm either in series or parallel with the complete arm the

effect of these resistances will be to add a constant loss independent of

^' ^ Loc. cit.

* This filter was constructed and tested by Mr. H. J. McSkimin.
* Loc. cit.
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the frequency, and hence the discrimination obtainable will not be
affected. This follows from the network equivalences shown in Fig. 8

which were first proved in a previous paper.^ Even if this resistance

compensation cannot be completely obtained it can often be obtained

over a limited range near the cutoff and the peak frequencies by adding

resistances to some of the crystal or electrical elements of such a

value that the resistive components of the two arms are nearly equal

over a limited frequency range. This results in cutting down the

distortion near the cutoff and increasing the loss in the attenuated

regions.

The lattice filters of Figs. 2 to 6 can be realized in ladder or bridge

T forms in certain cases. If the two arms have two common series

elements, then by the first equivalence of Fig. 8 they can be taken

outside the lattice. Similarly, if two common shunt elements can be

found in the two arms, then, by the second theorem of Fig. 8, the

ABC
Fig. 9—Method for reducing a lattice filter to a tt network filter.

elements can be placed in shunt on the ends of the filter. For example,

suppose that we consider filter No. 1 of Fig. 2 and shunt the crystal

by a capacitance Ci which is equal to the capacitance of the lattice

arm as shown in Fig. 9A. Then the two capacitances can be taken

out in shunt leaving a crystal in the series arm of a tt network as

shown in Fig. 9C. This has the same type of characteristic as the

lattice but considerably greater limitations.

A somewhat more general transformation can be made to a bridge

T network of the type shown in Fig. lOA. This network is equivalent

to the lattice network shown in Fig. lOB. As is evident, if we have

an impedance in parallel with one arm and in series with the other,

the resulting lattice can be transformed into a bridge T network.

For example, in Fig. 3, filter No. 2, if we reverse the lattice and series

arms, which can be done without changing the characteristics except

for a 180° phase reversal, the filter can easily be reduced to a bridge
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T network as shown in Fig. 11. The shunt coil Lo is usually con-

siderably smaller than the series coil Li so that Li can be divided into

two coils, Lo and Lx — Lq. The transformation then becomes as

A B

Fig. 10—Equivalence between bridge T and lattice networks.

shown in Fig. 11 with the element values shown. Q/l indicates that

the impedance of the crystal in the shunt arm is half that in the

lattice arm. This transformation is applicable particularly to low

and high-pass filters and band elimination filters.

Fig. 11—A bridge T band elimination crystal filter.

Another transformation which can be employed is that for a three-

winding transformer, for, as shown in a previous paper,^ a three-

winding transformer connected to two impedance arms as shown in

Fig. 12 is equivalent to a transformer and a lattice filter with small

Fig. 12—Lattice equivalent of a three-winding transformer.

^ Loc. cit.
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coils on the ends. By making the coupling in the secondary high

these coils can be made very small and can usually be neglected.

Another method for reducing balanced lattice filters to unbalanced

circuits is to employ crystals with two sets of plates as described in

section IV.

III. Method for Calculating the Element Values
OF the Filter

The curves in Figs. 2 to 6 give a qualitative picture of what type of

characteristics can be obtained by the use of crystals in filter networks.

In order to determine what band widths and dispositions of attenuation

peaks are realizable with crystals it is necessary to calculate the

element values, since a crystal cannot be made with a ratio of capaci-

tances under 125.

The actual process of calculation can be divided into two parts.

The first part consists in a determination of the critical frequencies of

the arms of the network in terms of the desired attenuation character-

istic. The second part consists in calculating the element values from

the critical frequencies by means of Foster's theorem.

The attenuation characteristics obtainable with filters are discussed

in Appendix I, and it is there shown that the attenuation characteristic

of a complicated filter structure can be regarded as the sum of the

attenuation characteristics of a number of elementary filters. The
critical resonant frequencies of the filter are evaluated in terms of the

cutoff frequencies and the position of the attenuation peaks with

respect to the cutoff frequencies. The ratios of the impedances of the

two arms at zero or infinite frequencies are evaluated in terms of the

network parameters. With the aid of these equations, and Foster's

theorem discussed below, the element values can be evaluated for any

desired attenuation characteristic. Whether the characteristic is

realizable or not depends on whether the element values of the equiva-

lent circuit of the crystal calculated have a low enough ratio of capaci-

tances to be realized in practice. The actual value of the series

capacitance Ci of the equivalent circuit of the crystal shown in Fig. 1

may also be too large to be physically realizable.

Having obtained the critical frequencies by the calculations given

in the appendix, the element values can be calculated by using Foster's

theorem. Foster's theorem ^ deals with impedances in the form of a

number of series resonant circuits in parallel as shown on Fig. 13A or

a number of antiresonant circuits in series as shown on Fig. 13B.

3 See "A Reactance Theorem," B. S. T. J., April 1924, page 259.
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In either case the impedance of the network can be written in the form

,.,2 \ / ,.,2

Z = -jH
1 -

OJl'

1
C03- C02«-l

1 - 1

C02;i-2"'

(4)

where /f ^ and = ojo — wi — • • • — W2n-i — W2n = =0. For the

series resonant circuits of Fig. 13A, the element values are given by

Li =
1

CjCOi

lim

CO —> OOi

jcoZ
i = 1, 3, 2« 1. (5)

r-nm^—^1—

I

n-3 n-3

"2

nRnn

L^WJP

—

L, C,

MM

"2n-2

HH

2h

B

Fig. 13-—Impedances arranged in form for application of Foster's Theorem.

For the antiresonant circuits in series the values become

1 / iim \ / jco
Ci =

lim

W —> COi

0, 2,4, ••• 2n. (6)
Z{wi' — CO")

These values include the limiting values for the series case of Fig. 13B

Cn = Z-o — °0 , Cln — 0; L-in
H{oi<^Wf • • • C02n-2")

(cOi"C03^ • • • C02n-1^)
(7)

Hence if the elements of one arm of the lattice are arranged in either

of the forms shown on Figs. 13A or B, the element values can be

calculated from equations (5) and (6).

If they are not in this form, they can be transformed into one of

these two forms by well known network transformations. For

example, all the filters of Figs. 2, 3 and 4 are of this form or can be

put in this form by employing the simple network transformation of

Fig. 1. For the two crystal sections shown on Fig. 6, the series
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inductance can be evaluated by equation (7) and subtracted from the

impedance Z. This leaves an impedance

Z' = Z - jcoL, (8)

from which can be evaluated the constants of the two crystals in

parallel by employing equation (6). In this way the constants of

any filter can be evaluated when the desired attenuation and im-

pedance characteristic are specified. Several of the band-pass filters

are discussed in detail in a former paper.^

IV. Application of Divided Plate Crystals to Balanced and
Unbalanced Filters

The use of a divided plate crystal to cut the number of crystals in

half in a balanced lattice filter has been mentioned previously.^- s. *. lo

The theory of this use has not been previously discussed and since it

results in further applications it seems worth while to present it here.

In order to use the divided plate crystal in filters it is necessary to

find an equivalent circuit for such a crystal which will hold for measure-

ments between any pair of the four terminals. It was shown in a

previous paper ^ that an electro-mechanical equivalent of a fully

plated crystal free to vibrate on both ends could be represented as

shown in Fig. 14A. In this figure the capacitance Co is the static

capacitance of the crystal, the condenser Cm represents the effective

compliance of the crystal at the resonant frequency, and the inductance

Lm represents the effective mass. A perfect transformer of im-

pedance ratio 1 to <p^, where

if- =
(522')

(9)

represents the coupling from electrical to mechanical energy, (p in

effect is the ratio of the force exerted by the crystal when it is clamped,

to the applied voltage or it is the force factor of the system. If now
we use only half the plating on the crystal, for example the plates 1,

2 of Fig. 14B, the same representation will hold. The static capaci-

tance Co will be divided by 2, and the force applied by a given voltage

will also be divided by 2 or the transformer ratio will be <pl2. The

same compliance and mass will be operative. Hence the equivalent

circuit of a crystal with plates covering half the crystal will be as

shown on Fig. 14C. For a crystal with two sets of plates, the repre-

2, 3, 4 LoC. Cit.

"See patent 2,094,044, W. P. Mason, issued Sept. 28, 1937.
" Loc. cit.
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sentation shown on Fig. 14D can be used if we are interested only in

the transmission from one set of plates to the other. The numbering
on the terminals agrees with that shown on Fig. 14B and is necessary

in order that a given voltage E will produce the same displacement in

the crystal when the voltage is applied between 1 and 2 and 3 and 4.

I TO <J)2

E =FCo

^im^

(A)

• r - ° lyS22
> Lki -

CB)

'•yj^Wjlt = LENGTH, WIDTHj THICKNESS

1 TO ^ C.

co_L
2

^W^—

I

Co.
2

Cc]
2 *

1T0^^M_LM^i_T0,
L^^^^nnr^

(0)

Co
2

4>2. <t)2.
' TO ^ ; -^ T0

1

2

2—

*

C, 2L, ^

Cq Cq
I

2 2

2L,

2L,

3 2—i—oxxy^
(F)

« 4

J_^0

* 3

2L,

crw- r-^M^

(H)

Fig. 14—Equivalent networks to represent transmission through divided plate crystal.
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For purely electrical measurement, we can get rid of the two ideal

transformers by taking half the impedance of Cm and Lm through each

transformer as shown in Fig. 14E. Since we have left two opposing

transformers of equal ratio they can be eliminated and the network of

Fig. 14F results. This is shown in balanced form. Figure 14G shows

the same network expressed in lattice form which is easily done by
using the equivalences of Fig. 8. This represents a crystal of twice

the impedance of the fully plated crystal in each series arm of the

lattice with the static capacitances Co in the other arm. If we connect

terminal 1 to 3 and 4 to 2, or in other words we use a completely

plated crystal, the equivalent circuit reduces to that for a fully plated

crystal as shown in Fig. 14H.

The networks of Fig. 14, F and G, represent the two plate crystals

for transmission through the crystal, but do not give a four-terminal

equivalence. For example, if we measure the crystal between termi-

nals 1 and 3 we should not expect any impedance due to the vibration

of the crystal since there is no field applied perpendicular to the

thickness. The representation of Fig. 14, F or G, would not indicate

this. The same sort of problem arises when it is desirable to obtain

a four-terminal representation of a transformer and can be solved by

using a lattice network representation with positive and negative

inductance elements. The same procedure can be employed for a

crystal and the steps are shown in Fig. 15.

We start with the lattice representation of Fig. 14G but employ

the series form of the impedance of a crystal shown in Fig. 1. The
series capacitance is divided into two parts, Co/2 and a negative

capacitance necessary to make the total series capacitance equal to

Co plus Ci. This negative capacitance and the antiresonant circuit are

lumped as one impedance 2Z in Fig. 15B. Now by the network

equivalence of Fig. 8, we can take the series capacitances Co/2 outside

the network. We can also add an impedance Z/2 on the ends of the

network provided we add a negative Z in series with all arms of the

network as shown in Fig. 15C. The network of Fig. 15C is equivalent

to that of Fig. 15A as far as transmission through it is concerned, but

is different if we measure impedances between any of the four termi-

nals. For example, if we measure the impedance between the termi-

nals 1 and 4, the impedance of the network reduces to that shown in

Fig. 15D. The impedance of the parallel circuit reduces to a plus Z
shunted by a minus Z which introduces an infinite impedance. Simi-

larly between 1 and 4, 2 and 3, and 2 and 4 the impedance becomes

infinite as it should be if we neglect the small static capacitances

existing in the crystal. If we take account of these the complete
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four-terminal representation of a crystal becomes that shown in

Fig. 15E. Ordinarily the capacitances C13, Cn, C23, C24 are small

enough to be neglected. Figure 15E then is a complete equivalent

circuit for a two-plate piezo-electric crystal which is valid for any

kind of impedance or transmission measurements.

Co "?

HHWW'

-wv

'-W-^W-AV

f Co

<^vvvHh

C24.

Fig. 15—Four-terminal equivalent network for divided plate crystal.

There are four possible connections for a crystal with two sets of

plates used in a balanced filter. These connections and their equivalent

circuits for transmission through as used in the filter are shown in

Fig. 16. In order to prove these equivalences let us consider the

equivalence shown on Fig. 16A. The four-terminal network repre-

sentation for this case is shown in Fig. 17, which is obtained from
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Fig. 15E. The capacitances dz and C24 will be equal due to the

symmetry in the crystal, while C14 will equal C23 for the same reason.

These capacitances are directly connected to the outside terminals
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network of Fig. 17B results. On account of the paralleling of the

— Z and + Z the lattice arm vanishes and the network reduces to

that shown in Fig. 16A. In a similar manner the other equivalences

result.

The use of divided plating crystals to obtain wide band filters by

using series coils to widen the band is obvious. If we connect two

(A) Cb)

Fig. 17—Method for proving equivalence of Fig. 16A.

crystals as shown in Fig. 18A, one crystal being connected as shown

in Fig. 16A and the other in Fig. 16B, a lattice filter equivalent to

that is shown in Fig. 18B. In the series arms we have a crystal of

twice the impedance of the fully plated crystal Qi shunted by the

2

gNn^^TjU^y^

(cB+^132)

=^c.

^^— Ln Lo

— Ca+C)4|+C|42-- C^+C,4|+C(42

Fig. 18—Band pass crystal filter employing connections of Figs. 16A and B.

capacitance C^ and the capacitance C13 of the second crystal Q2.

In the lattice arms we have a crystal of twice the impedance of the

fully plated crystal Qi in parallel with the capacitance C13 of the

crystal Qi. On the ends of the lattice we have capacitances Ca + Cu^

+ Ci42- It is obvious, then, that by using divided plate crystals w^e

can replace two identical crystals in the two arms with crystals having

twice the impedance of the fully plated crystals. This result can be
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utilized in any type of filter where two crystals occur in series or

lattice arms of a balanced lattice filter.

The connections C and D of Fig. 16 can also be used to give wide

band filters but on account of the extra capacitance shunting each

crystal, as wide bands cannot be obtained. This is shown in Fig. 19

which shows two crystals connected as shown in Figs. 16C and D
used in a filter. Since each crystal is shunted by half the static

capacitance of the other, the ratio of capacitances will be about twice

that in the connection shown in Fig. 18 and the band width possible

will be about 70 per cent of that shown in Fig. 18. Hence the con-

nections of Fig. 18 are usually desirable.

The connections of 16C and D can be duplicated in unbalanced

form as shown in Fig. 20. These equivalents are easily worked out

from the network of Fig. 15E by employing Bartlett's theorem. An

to

Ca=

2

^^^im^- -^i^h^^

LO LO
^l+ C.ri. 4-0,4-, +C

Ca=

'

„
-^^^^-" LO Lo /Cop '^

Fig. 19—Band pass crystal filter employing connections of Figs. 16C and D.

unbalanced filter of the type shown in Fig. 19 can be obtained by

combining the two connections shown in Fig. 20 as shown in Fig. 21.

It will be noted that across the series arm we have a capacitance

Cb + 2Ci4i + 2Ci3j + Coj/2 while the lattice arm has only the

capacitance CoJ2. To get attenuation peaks which are separated from

the pass band by a large frequency range it is necessary to keep the

capacitances Cui and Cu^ small. This can be accomplished by using

shielding strips on the plating as shown in Fig. 22 for the two types

of connection. In the B connection, the grounding strip is effectively

obtained by making the grounded plates 2 and 3 slightly larger than

1 and 4. These grounding strips then act like a guard ring and reduce

the stray capacitances.

The same process can be applied to any of the filters of Figs. 2 to 6

to obtain in unbalanced form the characteristics obtained in lattice

form. In general the characteristics are somewhat more limited since
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Co +C|4+2C,3

T
2,4

C,-, + 2C,

1
2,3

Fig. 20—Unbalanced divided plate crystal connections and
their equivalent electrical circuits.

^'^A = Ca+C,3|+Ci42=L

Fig. 21—Unbalanced band pass filter employing the connections of Fig. 20.

[zizjy
2,4

A

Fig. 22—Method for reducing stray capacitances in unbalanced filter connections.
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in effect we have to use crystals with twice the ratio of capacitances

than can be used in the balanced case.

APPENDIX

A Determination of the Resonant Frequencies
OF Lattice Filters

In order to obtain the element values of the filters shown in this

paper it is necessary to determine the resonant frequencies of the

elements in terms of the desired characteristics of the filter. It is the

purpose of this appendix to show how these resonant frequencies may
be derived.

The simplest type of band-pass filter section—referred to as the

elementary section—is one in which there is one resonance in each

arm of a lattice filter as shown in Fig. 23A. The impedance of the

A B

Fig. 23—Lattice filter configuration for elementary band pass sections.

series and lattice arms takes the form

Zi Zo =
0)C2

1
CO"

COfi-
(10)

where co is It times the frequency /, /a the resonant frequency of the

series arm which also is the lower cutoff of the filter, and/^ the resonant

frequency of the lattice arm which is also the upper cutoff.

The characteristic impedance and propagation constant are from

equation (3)

Z„=4z:z, = J--vV[l-^]('-~.).\ C(;-CiC2 L '^-i' J \ ^B" J

It is desirable to correlate the value of m with the frequency of infinite

attenuation in the filter. Since the filter will have an infinite attenua-
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tion when tanh P/2 = 1, we have

w = \/l -/—^, (12)

where cj^ is 27r/x, where f^ is the frequency of infinite attenuation.

For a single section since m = VC2/C1, w must be real and lie between

and infinity. The possible attenuation characteristics obtainable

with the simple section can be calculated from equation (11). It will

be noted that when w =

m — tanh ^ • (13)

Similar equations for low-pass, high-pass and all-pass filters can be

derived from these equations by letting /a go to zero or /b to 00 , or

both. These equations are

:

For Low-Pass Filters

P
tanh — = lim coa ^( / I - o^JIc^b' / I - coVa;.4^ \

\\\ - O^J/o^A^yi - CoVcObV

= VI - cobV^oo^/^j :r,—5 = ^i\h~ ^r^.' (14)
\ 1 — W jWB" \ i — CO /COjs

For High-Pass Filters

tanh y = lim co/i

/ J l — CJooVcOg- l l — C0''/C0.4- \

V\l - a;,>.42\l - co>bV

= \/l ^1—s Vl — orl^jT = mnyJl — w''/'*'^-- (15)
\ 1 — COao'/WA"

For All-Pass Filters

^0 / / I - coJ/cob'-^

-> 00 \\ 1 — coJ/oja"

, P _ lim coyi -^ / /I — cOoo^/cob"- /I — CO" /to .4"

2 lim COB —^ ^ \ \ 1 — c<^oo"/wa" \ 1 — a)-/coB"

= J-^, V^^. (16)
\ — Wx"

For this case, since there is no peak in the real frequency range, we

must let cooo be imaginary or io)a- Then

tanh TT- = — V— CO- = nia^ — co-. (17)
1 co„

The band elimination filter cannot be obtained from the band-pass

filter by a limiting process. For the simplest band elimination filter
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with a single peak as shown on Fig. 2, filter 2, the equations are

Vc^
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Comparing (22) with (20) we see that

P = P, + P^ and g ="!+"" =tanh(^;^-gi-). (24)
1 + W1W2 \ 2 /

We see then that a section with three resonant frequencies can be

made to have the same attenuation characteristic as the sum of two

simple sections. It is, however, more general since in equations (23)

and (24) real values of co2^ and B can be obtained by taking

OTi — nii^ + imi^\ m-i = Wi^ — imi.; (25)

that is, the parameter nii can be made complex if the second parameter

W2 is made its conjugate. Such complex sections can be made to

have attenuation peaks which are finite even in the absence of

dissipation.'^

By letting coa —> or coy? —^ oo
, the equivalent relations for low-pass,

high-pass and all-pass filters can be obtained. These are
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In a similar manner more sections can be added and the resonant

frequencies determined in terms of the cutoff frequencies and the

position of the attenuation peaks. The most general section con-

sidered in this paper has a maximum of five equivalent sections. For

this case by applying the process described above the propagation

constant and critical frequencies are given by the equations

,
,P^ A + C + E (1 - coVco^^)(l - coVa)3^)^(l - coVco5^)^

^^
2 \ + B + D\{\ - 0)70)2^)2(1 - o;Vw4')'(l - a;Vo;B2)

' ^^^^

where

A



The Coronaviser, an Instrument for Observing the Solar

Corona in Full Sunlight *

By A. M. SKELLETT

Introduction

BECAUSE of the rarity of solar eclipses, their short duration, and
their occurrence usually at inconvenient places on the earth's

surface, the problem of observing the solar corona in full sunlight is

an important one for astronomers. It is also of considerable interest

to those telephone engineers who are concerned with radio transmission

over long distances. The major disturbances of such transmission

have their origin in the sun and studies to date have indicated that a

day-to-day knowledge of the activity of the corona might prove useful

in predicting the transmission conditions.

The first attempt to solve this problem was made by Huggins in

1878 and since that time every conceivable optical means to accom-
plish the desired result has been tried. The problem is to observe

the corona, not in itself a faint object, through the blinding glare of

the sky in the region around the sun. If one holds his hand at arm's
length so that it blots out the sun, he will find the glare in the sky

around it so intense as to be painful. It is generally at least a thousand

times brighter than the corona. The trials have usually been made
at very high altitudes where the atmospheric glare is greatly reduced

but since the scattered light from the telescope itself, particularly the

objective, is some hundreds of times brighter than the corona no suc-

cess was obtained until M. Lyot ^ invented his coronographe, a tele-

scope in which this latter kind of glare is greatly reduced. With this

instrument at the top of Mt. Pic du Midi in the Pyrenees mountains
he has obtained several photographs which show some of the features

of the inner corona. At best he has to work with a glare that is nearly

as bright as the brightest parts of the corona. There are only a few
days in the year when the intensity of the glare is low enough to enable

him to observe coronal features through it.

It is obvious that a method of greater discrimination is needed if

day-to-day observations are to be made. Such a method was pro-

posed several years ago.^ It is based on the use of television technique;

* Presented at mtg. of Nat. Acad. Sciences, Providence, R. I., October 1939, and
before Amer. Philos. Soc. in Philadelphia, Pa., November 1939.

1 Lvot, B., M. N. R. A. S., 99, 8, 580, 1939.

^Skellett, A. M., Proc. Nat'l. Acad. Sci., 20, 461, 1934.
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the corona is separated from the glare by electrical filters while the

image of the sky around the sun is temporarily represented by an

electric current.

Apparatus and Technique

Dr. G. W. Cook, Director of the Cook Observatory, kindly offered

the use of his 15-inch horizontal telescope for a trial of the method.

Special television apparatus was developed at the Bell Telephone

Laboratories for use in conjunction with this telescope. This appa-

ratus has been called the coronaviser. Figure 1 shows a layout of the

complete apparatus. Starting at the left, the plane mirror M is cou-

pled to driving mechanism to form a siderostat so that sunlight may
be continuously held on the axis of the telescope. The solar disc,

about 2" in diameter, is focussed by the objective of approximately

18 feet focal length to fall on the tilted mirror which reflects the direct

sunlight out through a hole in the side of the telescope and into a light

trap consisting of a black walled tube with a black velvet end. Figure

2 shows the scanning mechanism in greater detail. Immediately in

back of the mirror R, which is the one just referred to for throwing

sunlight out of the telescope, a black masking disc D further prevents

sunlight from getting into the scanning apparatus. Several different

sizes of this disc are used to take care of the different diameters of the

solar image which occur throughout the year and to shield the scanner

from sunlight which spills over with bad seeing. This mirror and

disc are supported by means of the plate glass P so that there is no

obstruction in the field around the sun.

To the right of the plate glass lies the scanning apparatus. This

is a mechanical device which scans the region of the sky around the

sun in a spiral, path. The scanning motion thus consists of a circular

and a radial motion.

The simple plano-convex lens L which is silvered on the back is

equivalent to a concave mirror and forms an image of a portion of

the sky image that lies in the plane of D on the scanning hole H which

is on the axis of the telescope and scanner. The light that enters the

scanning hole passes through the lens, the prism, and the light tunnel

U into the photo-cell E. When the lens L is rotated about the axis

by the motor, the effect is the same as moving the scanning hole around

in the image plane at D, This takes care of the circular component

of the scanning motion.

The radial component is obtained by changing the angle of tilt of

the lens L while it is rotating. A worm W is mounted on the motor

shaft but held stationary so that as the gear G revolves as a whole
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about the axis of the scanner it is turned more slowly about its own
axis. A hardened pin Q attached to the arm of the lens mounting rides

on a cam which is fixed to this gear and thus imparts a cyclic tilting

motion to the lens. There are another similar gear and cam (not

shown) mounted opposite this one which serve only to compensate

for the weight of the working gear so that the rotating mechanism
may be balanced to a high degree of precision.

The lens behind the scanning hole forms a stationary enlarged image

of the scanning hole on the photosensitive surface of the photoelectric

cell.

The reproduction of the image is done entirely by electrical means.

At the opposite end of the motor a C-shaped permanent magnet ro-

tates about a cylindrical iron core around which there is wound a coil

of wire. The electric current thus generated in the coil is smoothed

into a true sine wave by tuning the circuit of the coil so that it resonates

at the frequency of circular scan which is approximately 30 cycles per

second. The resulting wave is split into two components 90° apart

in phase and these, after amplification, are impressed on the deflector

plates of the reproducing cathode ray tube so that the spot may move
in a circular path.

At the generator end of the motor there is also a reduction gear box,

the slow speed shaft of which turns once for a complete cycle of the

radial scanning motion, i.e. once a second. This shaft is geared to

that of the potentiometer unit B so that its sliding contact also re-

volves at this rate. The potentiometer winding is continuous around

the circle and connections are made at the opposite ends of a diameter.

The scanning voltage from the generator circuit is fed into this unit

and as the arm revolves the amplitude of the sine wave is made to

vary uniformly between its minimum and maximum values. Thus
the scanning spot spirals outward, scanning a complete image of the

field, and then inward, giving another complete image, so that there

are two images per cycle of the radial scanning motion. The spot

does not follow the identical path on the two scans; the outward scan

crosses over the lines of the inward scan along one diameter and inter-

laces along the diameter at 90 degrees to this. The radial resolution

along the latter diameter is therefore double that along the former.

Since the frequency of the radial component of the scanning motion

is approximately one cycle per second, these two resolutions are 15

and 30 lines respectively.

The glare of a clear sky is uniform around the solar image and

therefore as the scanning spot travels around the field it gives rise

mainly to a direct current in the photo-cell. The coronal features.
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however, that is the streamers, arches, etc., give rise to alternating

components and only these components are amplified, the direct cur-

rent being eliminated by resistance capacity coupling of the cell to the

amplifier. Inaccuracies of alignment and any non-uniformity of the

intensity of the glare across the field give rise to strong low-frequency

components and because of the high glare levels that were occasioned

by the location and by the siderostat mirror it was found necessary

to filter these components out of the amplified currents. A high-pass

filter is inserted between the first and second stages of the amplifier

for this purpose. A low-pass filter with a cut-off at 3750 cycles is also

included to cut out the noise at frequencies above the desired band.

The top frequency is 3600 cycles for the 0.04 inch diameter scanning

hole that was generally used. After amplification the signal current

is made to modulate the intensity of the cathode-ray beam.

The electrical frequency spectrum of the television image consists

of the fundamental scan frequency (about 30 cycles) plus a large

number of its harmonics. By varying the characteristics of the high-

pass filter it was possible to eliminate the fundamental and several of

the lower harmonics as desired. This became advantageous in study-

ing the prominences and smaller coronal details which give rise almost

entirely to higher harmonics and are reproducible therefrom with a

good degree of accuracy. In addition, for these smaller details, the

coupling capacity between the first and second stages of the amplifier

was greatly reduced so that the gain at the upper end of the band was

considerably enhanced in relation to that at the lower end.

The light of the corona is practically identical with that of the sun

in its spectral characteristics and a caesium sulphide photo-cell

which has a maximum sensitivity in the green was used. See Fig. 3.

It was found that by using gas amplification in the photo-cell adequate

sensitivity was obtained. The inner corona has a surface brightness

of about the same magnitude as the full moon and the sensitivity of

the apparatus was checked by obtaining images of the moon in its

various phases.

It is convenient to measure light intensity levels in millionths of the

brightness of the sun's surface. The brightness of the full moon is

about 2 millionths and it is known that the inner corona falls off fairly

rapidly with distance from a brightness of a little more than one mil-

lionth measured within one minute of the solar limb. The level of

the glare was measured from time to time by means of a photronic

cell behind an aperture placed at the focus of the objective. On days

when the haze in the sky was very noticeable but yet not in the form of

clouds its brightness at 2 minutes from the limb was as high as 6000
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millionths or approximately 6000 times as bright as the corona. On
very clear days the brightness was as low as 1250 millionths and this

limit may have been set by the scattered light from the telescope

parts, particularly the siderostat mirror, rather than the sky. The
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The scanning rate was so slow (2 images per second) that even with

a cathode ray screen having an appreciable time lag there was difficulty

in studying the complete image visually. The expedient was there-

fore adopted of photographing the images and this proved advanta-

geous in comparing images as well as in greatly reducing the effects of

noise. The latter advantage was realized by taking exposures of from

20 to 30 seconds during which there were reproduced some 40 to 60

images and although the noise patterns might be very noticeable in a

single scan the fluctuations balanced out in a statistical manner, leaving

a uniform field.

Theoretically the limiting amount of glare through which it is pos-

sible to work with this method is determined by the shot noise in the

photoelectric current but there are practical limits, set mainly by the

cleanness of certain of the optical parts, which were the important

factors in this case. Although the whole scanner is designed to reduce,

as much as possible, the scanning of the optical parts of the instrument

by the beams of light, certain parts are of necessity scanned, particu-

larly the plate glass used to support the scanning hole unit. This

plate is also near the focal plane and the slightest smudge or speck of

dust on its surfaces gives rise to an overloaded image on the cathode

ray screen. The glass itself was specially selected to be free from

bubbles or blemishes of any kind and in addition it was carefully

washed at frequent intervals. Great pains had also to be taken in

keeping the other glass surfaces in the optical train clean, for the

essence of the method is the amplification of minute variations in the

intensity of the illumination from point to point in the field.

Occasionally tiny specks of brilliant light would float across the

screen, the sources of which were very puzzling at first. They were

finally traced to insects or wind-borne seeds which drifted across the

sky in the path of the shaft of light. Being illuminated by direct sun-

light, they scattered enough light in the direction of the telescope to

give a bright diffraction pattern. They ruined quite a few plates.

Since the glare decreased in the direction outward from the sun

(though not so rapidly as the coronal light), patterns that were caused

by instrumental defects took on at times appearances which might

easily have been confused with that of a coronal image. It was neces-

sary, therefore, to have an absolute criterion by which one could dis-

tinguish between these spurious images and those which were associ-

ated with the sun. The siderostat mounting of the telescope furnished

such a test. With this type of mounting the celestial field rotates

about the optic axis of the telescope with time. This rate varies with

the declination of the object and other factors and in our case it ranged
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within a degree or two of 7° per hour. Thus by taking a series of

photographs over a period of several hours it was possible to determine

definitely whether or not the image in question was associated with

the sun or with the apparatus. In addition to this test, for the prom-
inences, there was the spectrohelioscope at hand by which a direct

comparison could be made. Another test applied to the prominence

images was furnished by their color. A red glass filter, such as the

Schott RG 2 which has a cut-off just below the Ha line, reduced the

general glare level by about 30 times whereas its reduction of the light

of the prominences which is a maximum at this wave-length was not

nearly so great.

Results

The prominences shown in Fig. 5 are among the first of which good

images were obtained. Seven photographs were taken of them be-

Fig. 5—•Prominences taken with red filter on Feb. 21, 1938.

tween 16^ 58°^ and 19^^ 11°^ G.C.T. on February 21, 1938, some in

white light and the others with the red filter in front of the photo-cell.

This particular photograph was taken in red light; those taken in white

light were of considerably less contrast.

Figure 6 is another one of the many prominence photographs that

have been taken with the apparatus. These are the prominences that

were present around the sun at 18^ 30™ G.C.T. on October 31, 1938.

This was also taken with the red filter.

Figure 7 shows a pair of bright prominences photographed in white

light on October 3, 1938.

Figure 8 shows a jet or flare in the corona that was photographed

on October 18, 1938. It is one of 11 photographs that were taken
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Fig. 6—Prominences around the sun on Oct. 31, 1938. This image was obtained
with a scanning hole 0.013 inch in diameter which had 1/10 the area of that used
for the other photographs.

Fig. 7- -A pair of prominences taken without optical filter (i.e., in white light)

on Oct. 3, 1938.
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Fig. 8—A jet or flare in the corona photographed on October 18, 1938.
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Fig. 11—The amplifying and sweep circuits and reproducing tube.
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over a period of more than 2 hours. All these show this feature, and

its position on each plate is plotted against the time of exposure on

Fig. 9. The slope of the line is the correct rate for the turning of the

celestial field in the neighborhood of the sun at that time. It was not

brighter on the plates that were taken with the red filter than on those

taken with white light, and it is concluded, therefore, that it was
white in color.

There was no prominence at its position on the limb of the sun, but

the next day the observatory at Huancayo reported that an eruptive

prominence blew off from the limb at this position (28° N. Lat.). It

seems quite probable that the unusually bright jet in the corona was

lying over and probably associated with this active region.

A number of other plates have shown details which appear to have

their origin in the corona, but generally they have been partly obscured

by other patterns of instrumental or other origin.

The major objectives of this phase of the work which were the de-

velopment of an adequate instrument and the proving in of the method

have been achieved. The next phase of the investigation should be

carried out under the most favorable conditions possible and this

means a location on a mountain top with a telescope preferably point-

ing directly at the sun.

I wish to acknowledge the helpful cooperation of Dr. Cook and his

associates at the Cook Observatory and of many of my colleagues in

the Bell Telephone Laboratories. In particular, Dr. J. B. Johnson

has greatly contributed to the investigation by his counsel and aid.



Lead-Tin-Arsenic Wiping Solder *

By EARLE E. SCHUMACHER and G. S. PHIPPS

SOME fourteen or more wiped joints occur in every mile of lead-

sheathed telephone cable, and in making these joints from one to

two million pounds of solder are used per year. To join cables a lead

sleeve of sufficient diameter to accommodate the bundle of spliced

wires is slid in place at the junction, the ends of the sleeve are beaten

to conform to the circumference of the cable, and an air-tight and

mechanically strong joint formed at each end of the sleeve by molding

a solidifying mass of solder into the desired shape. This last step is

called the wiping operation.

The making of a successful wiped joint depends upon a satisfactory

composition in the solder and considerable skill on the part of the

splicer. The two factors are inter-related in that the more dextrous

operators can produce satisfactory joints with solder compositions

which could not be shaped by the average operator. The most

satisfactory composition for a wiping solder from practical tests has

been found to be about 38 per cent tin, 62 per cent lead. A solder

containing 40 per cent tin also possesses satisfactory handling qualities

and is used to some extent. If the tin content is much above 40 per

cent the workable temperature range in which the solder is plastic

becomes too limited for practical handling. The plastic range can be

increased by increasing the lead content above 62 per cent but then

it is found that the joint becomes coarse-grained and porous. The
highest practicable lead content is of course advantageous from an

economic standpoint.

The impurities allowable in a wiping solder are also closely controlled

since in general small percentages of most impurities have been found

to have a harmful effect upon the handling character of the solder or

the properties of the joints. One exception, which has hitherto not

been recognized, is arsenic whose beneficial effects in small quantities

are discussed in this paper.

An engineer would prefer to interpret the handling of a wiping solder

in terms of basic properties which can be measured in the laboratory.

Such attempts ^ have been made but with only limited success since

* Metals and Alloys, Vol. 11, pp. 75-76, March 1940.
^ "Some Physical Properties of Wiping Solders," D. A. McLean, R. L. Peek, Jr.,

and E. E. Schumacher, Journal of Rheology, Vol. 3, January 1932, p. 53.
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not only does the wiping process itself not admit of scientific measure-
ment but also the basic properties related to the process are difficult

to determine and are of restricted practical bearing. These difficulties

arise because a complex solid-liquid system is involved, and during

most of the time of wiping the joint the system is far from being in an
equilibrium condition.

Experience has shown, however, that a wiping solder should possess

certain general characteristics which are enumerated below, although

in many instances the characterization cannot be extended beyond a

qualitative statement.

1. The temperature at which the solder begins solidification should

be lower than the temperature of beginning melting of the cable sheath

and sleeve. The temperature of beginning solidification for the 38-62

tin-lead solder is 240° C. while the lead alloy sheath begins to melt at

approximately 310° C. Since with this solder no trouble is encountered

with melting sheath it appears that a 70° differential is satisfactory.

2. The solidification range of the solder should be such as to provide,

during cooling, an ample forming period between the time when enough

primary lead has precipitated to give sufficient body to permit forming

to begin until the mass is too solid to manipulate. In the 38-62

wiping solders the solidification range is approximately 60° C. while

the forming range is about 40° C.

3. The tendency for the joint to drain or slip and break apart during

wiping should be a minimum. These properties are associated with

surface tension and plasticity. The desired condition is sometimes

referred to as a "buttery" texture.

4. The solder should readily wet and alloy with the parts to be

joined. This implies a freedom from non-reducible oxides in the solder

and a minimum in the tendency to form reducible oxides. Suitable

non-corrosive fluxes are used to clean the surfaces being joined and

reduce the oxides which cannot be entirely excluded from the melted

solder. To facilitate handling, the solder should not adhere to the

splicers' wiping cloths.

5. The solder should be such that the strength of the joint formed

should be equal to or greater than that of the parts being joined. The
joint must also be gas-tight. This property is secured through a fine

texture in the solder and freedom from draining of the lower melting

constituents. The test for porosity of a joint is simple. A positive

gas pressure of from six to nine pounds per square inch is applied

inside the sleeve and soap-suds are then painted on the joint. Ob-
servation of the soap-suds will then show whether or not the joint is

porous.
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6. The health hazard under normal conditions of use should be

negligible.

An investigation was made of modifications of the lead-tin type

wiping solder to produce a solder which more fully meets the practical

requirements than does the present compositions. Through the addi-

tion of 0.1 per cent of arsenic substantial improvements have been

Fig. 1—Photomacrograph of a nominal 38% tin-62% lead wiping solder. The
sample was slowly cooled from 300° C. Specimen etched with a mixture of 4 parts
of glacial acetic acid and 1 part of 30% hydrogen peroxide.

achieved in certain of the characteristics. The nominal composition

of an alloy which shows this improvement is tin—37.25 per cent,

arsenic—0.1 per cent, and balance lead. The effect of arsenic mani-

fests itself at percentages as low as 0.04 per cent. Amounts much
over 0.1 per cent should be avoided because of a tendency to segrega-

tion at the higher percentages. As the tin is reduced below the recom-
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mended percentage the difificulties in producing a satisfactory joint

increase. There is the possibility, however, that a lower tin content

can be tolerated but definite conclusions await further substantiation

in subsequent investigation.

Although the percentage of arsenic in the new solder is relatively

small it has two important beneficial efifects. The amount of dross

formed on the arsenic-bearing solder is but a fraction of that ex-

4l#

Fig. 2—Same as Fig. 1, except for an addition of 0.1% arsenic. Note the finer grain.

perienced in the ordinary lead-tin solders. The practical advantage

is that less time need be spent in skimming the molten solder in the

melting pot, and there is less possibility for the inclusion of dross in

the finished joints. The presence of dross in the wiped joints is to be

avoided because of its possible contribution to porosity.

The second beneficial effect of arsenic is related to the grain size in

the solidified alloy. This is illustrated by the photomacrographs shown

in Figs. 1 and 2 which compare the grain structure of a lead-tin solder
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and an arsenic-modified solder which have undergone similar handling

and cooling treatments. The arsenic-bearing solder exhibits a finer

and more uniform texture. The finer texture is associated with im-

proved handling characteristics and freedom from porosity in the

finished joint. The texture of the solder is more buttery in the wiping

process and there is less tendency for the lower freezing constituents to

drain from the partially finished joints than with the lead-tin composi-

tions. Practically, this provides for the splicer a longer forming range,

although the solidification range is materially the same as for the

corresponding unmodified alloy.

Although the mechanism by which arsenic reduces the size of the

dendrites and refines the grain of wiping solder has not been definitely

established, it seems probable that it either provides new and more

numerous nuclei of crystallization around which the primary lead

precipitates, or imposes barriers against the growth of the primary

lead crystals or both. Arsenic forms a compound, Sn3As2, with tin

and it is probable that this constituent is responsible for the mechanism

postulated. In slowly cooled solders this compound is discernible

beginning at approximately 0.1 per cent arsenic. With a greater

number of precipitated crystals present a greater surface is made
available to which the molten eutectic may cling, producing a readily

formable mass.

Laboratory observations on the solder have been verified by field

tests in the Bell System. The arsenic-bearing solder is handled in the

same way as the ordinary lead-tin compositions. Joints have been

wiped on large and small aerial and underground cables and in difficult

situations involving large branched joints. The consensus of splicers

from several different localities is that the solder possesses handling

properties superior to those of the lead-tin compositions. These joints

in all cases were pressure tested after wiping and found to be sound.

Regarding the possible health hazard involved in using the new
solder, tests have been made to determine whether arsenic or arsenic

compounds would be volatilized from this alloy under the conditions

encountered in practice. These tests gave entirely negative results

and showed that no additional hazards would be introduced by

substituting arsenic-bearing solder for standard solder.



Nuclear Fission

By KARL K. DARROW

This article pertains to the most newly-discovered and most
sensational mode of transmutation, in which the entry of a neutron

into a massive atom-nucleus brings about an internal explosion in

which the nucleus is " fissured " or divided into two fragments which
share the total mass and charge between them in nearly equal pro-

portions. (In all other modes of transmutation except those

affecting the very lightest elements, the division is into fragments

of very unequal mass and charge.) The conversion of rest-mass

into kinetic energy, or (as is more commonly said) the release of

energy, is unprecedented in scale. A multitude of radioactive

bodies, many hitherto unknown, is formed; and there is spontaneous
emission of fresh neutrons in great quantities, possibly sufficient to

convert the process once initiated into a self-perpetuating one under

realizable conditions.

EVERY now and then a physicist is liable to receive a letter from

some yearbook or other, in which he is invited to write x thousand

words on the "most important developments in physics during the

year just ending." The only safe reply is of course that for ten years

at least and perhaps for fifty it will be impossible to tell which is the

most important development in physics during the year just ending.

This year, however, it looks as though one need not be so cautious; for

ever since the first few weeks of the year many have felt pretty sure

that one particular discovery would long be recognized as the most

important to be made, or at any rate to be revealed, in 1939. It came
early—the first publication was on the sixth of January, and there was

a rain or perhaps I should say a deluge of others before the end of

February. Inasmuch as these others proceeded from laboratories

sprinkled all of the way from Copenhagen to Berkeley, it is literally

true for once that a discovery commanded immediate attention. Nor

is attention even yet diverted, though the pace of publication has

grown less.

The phenomena of fission are as yet confined to the last three ele-

ments of the periodic table: thorium, protactinium, uranium. I show

their chemical symbols, their atomic numbers or nuclear charges, and

the mass-numbers—to wit, the nearest integers to the actual values

of the masses—of their several isotopes (charges expressed of course

as multiples of e, masses as multiples of one-sixteenth the mass of the

267
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commonest kind of oxygen atom) ; charge appears as a subscript before

the symbol, mass as a superscript after it:

TVi232. „,Po231. „„TT234. „T T235

.

112389oin , 9ua , 92U , 92U , 92U

From this Hst I omit several very unstable isotopes of which we shall

probably never be able to assemble enough to observe their fission.

Protactinium 231 is itself so rare that only one man in the world (he is

von Grosse, of Chicago) ever got enough of it together for this experi-

ment. He brought his precious sample—less than 9 mg.—to Dunning
at Columbia for the test, and the three of them found fission. I make
this allusion at the start, because there will be little further occasion

to refer to protactinium, and yet it should not be forgotten. There is

danger of forgetting even thorium, since so disproportionately great

an amount of study has been lavished on uranium. Neither thorium

nor uranium is a very rare element, but more than 99 per cent of any

sample of uranium consists of the isotope 238, so that the two other

isotopes must also be classed as rare; yet it is believed at present that

235 is responsible for some of the most remarkable of the phenomena.

Now let me indicate two qualities shared by all five of these nucleus-

types. First: all are radioactive, that is to say, they are unstable.

I must not be too emphatic with this word ; the average lifetime of nuclei

of either Th^*^ or U^^^ is hundreds of millions of years, and there are not

many organizations which would be considered unstable if they could

bank on a probable lifetime of that scale. Still they are, in the physi-

cist's sense, unstable; and this suggests that it might be relatively easy

to disorganize, to disrupt, to explode them by a fitting agency coming

from without.

Now to any physicist the term " fitting agency coming from without

"

suggests at once the bombarding particles by which transmutation was

first effected: alpha-particles, protons, deuterons—the positively-

charged nuclei of the elements helium and hydrogen at the other end

of the periodic table from uranium. Should one not project these

nuclei against uranium nuclei, and see what happens? Well, it has

often been done, and nothing has happened; ^ and an adequate reason

is supplied by the second important quality of these five nucleus-types,

their greatness of atomic number. All of them are so highly charged

with positive electricity, that the proton, the deuteron and the alpha-

particle, however fast they are when they start, cannot approach them
closely enough to do them any harm. (What with the current progress

in cyclotrons that statement may soon be out of date !) Even with our

' Until in October of this year Gant reported strong indications of fission of uranium
produced by very energetic (8-Mev) deuterons.
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present resources of energy we could not tamper with any of these

nuclei, had we not at our disposal those chargeless particles the

"neutrons" with which to assail them.

One might of course foretell that mighty powers of transmutation

would be possessed by a particle which is not repelled as it approaches

a nucleus. Actually the transmuting powers of the neutron are greater

than, I should think, anyone can have expected; nor can many people,

if any, have foreseen that the slow neutron—the neutron having

no more speed and kinetic energy than a molecule of air at room-

temperature—would prove to be more potent than the fast one. Yet
so it is. When the other agents of transmutation were first applied

—

alpha-particle, proton, deuteron, photon, fast neutron—it took years

to get proof of the transmutation of even a few elements; but when the

slow neutron was first applied, Fermi and his half-a-dozen colleagues

at Rome managed to do something to almost every element in a very

few months! Let me recall that neutrons mostly are what we call

fast—i.e., they have energies of millions of electron-volts—when they

start their careers. Slow neutrons are initially-fast ones which have

been sent through layers of paraffin or water, and have lost nearly the

whole of their initial energy by making elastic impacts with hydrogen

nuclei. We shall later have to distinguish between the fast neutrons

and the slow as agents of nuclear fission.

Now to supply a fitting historical background to the discovery of

fission, I must draw attention to a theorem which until the end of 1938

was believed to govern the whole of transmutation, and which still

governs nearly the whole of the field. It is this: with the exceptions

presently to be related, no transmutation ever produces a change in

atomic number greater than 2 or a change in mass-number greater than 4.

I am going to illustrate this theorem by writing in symbolic form three

of the reactions of transmutation produced by neutrons and recognized

before the end of 1938. Here I use E as the general symbol for ele-

ment; Z and A as the general symbols for atomic number and mass-

number; and a, p, d, n, and for alpha-particle, proton, deuteron,

neutron and photon ; and I recall that the mass-numbers of these five

particles are 4, 1, 2, 1,0 respectively.

zE^ (n, a) z-2E^-'; zE^ {n, p) z-iE^; zE^ {n, <p) zE-'+K

The first of these (for example) is to be read : a neutron enters a nucleus

(Z, A) and an alpha-particle comes out, leaving behind a nucleus

{Z — 2, A — 3). There was a similar (not identical) rule setting a limit

on the changes of atomic number and mass-number suffered by radio-

active bodies. Every radioactive nucleus emits either a positive
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electron or a negative electron, or an alpha-particle; the corresponding

changes in Z are — 1, + 1, — 2, those in A are 0, 0, 4.

Now it is high time that we get on to uranium. This, like thorium,

was one of the elements that Fermi exposed to slow neutrons, and to

which he observed that something was happening. As he continued

these researches, and as the great institutes of nuclear physics of Hahn
in Berlin and the Joliots in Paris followed suit, it became evident that a

great deal was happening. With nearly all of the other elements, there

occurred just one of the reactions which I symbolized above, or maybe
one reaction with some of the nuclei and another with others. Some-

times the reaction would lead to a stable nucleus-type; in such a case,

when the neutron-bombardment ceased all the excitement was in-

stantly over. Sometimes it would lead to a radioactive nucleus-type;

in such a case, the radioactivity would continue after the bombardment

ceased, but it would steadily die away to nothing, in accordance with

the well-known law. But with uranium and thorium there was a

swarm of radioactive products, so many that to this day they have not

all been separated and identified. Moreover, some of these were

descendants of others, for after the bombardment ceased they grew in

strength for a while before declining. All of them were emitters of

electrons, and the electrons (in every case in which their sign is known)

were negative.

Owing to the theorem which has just been stated, it was taken for

granted that the immediate effect of the neutron entering the nucleus

of uranium was to provoke one of the three reactions which I lately

listed. Of these the one most commonly assumed was the reaction,

the so-called "reaction of pure neutron-capture"—called pure, be-

cause no massive particle goes forth. I mention it here because it is

still believed in, and we shall meet it later. Uranium 239 is radioactive,

and some of the other radioactive products were believed to be direct

or indirect descendants of it. Well, every one of the radioactive sub-

stances resulting from the reaction or reactions U{n)—for so I will

symbolize them in general—is an emitter of negative electrons. There-

fore each has a greater positive charge on its nucleus than does its

predecessor; therefore by this theory, each descendant from U^^^ must

have a greater positive charge than the 92g of the uranium nucleus.

But uranium is the final element of the periodic table; therefore by this

theory the radioactive bodies in question had to be isotopes of new

elements beyond uranium.
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These so-called "trans-uranic elements" were for several years the

principal study of Hahn and Meitner and their colleagues at the great

institute in Berlin-Dahlem. The groups at Paris and at Rome con-

tributed also—not very much, but enough to signify their full adhesion

to these concepts. Other physicists scarcely entered the field, but had

the fullest reliance in views sustained by such authorities. Yet now,

the trans-uranic elements are gone! This is regrettable, because it

was pleasant to think that human artifice had succeeded even in

lengthening the list of the elements. It is regrettable for the chemists

especially, because they were looking forward to getting information

about the chemical properties of elements beyond 92. Whether on

balance there is regret among physicists I doubt, because the knowledge

that has replaced the trans-uranic elements seems even more spec-

tacular than they did. Let us see how this knowledge was attained.

Some time in 1938, Hahn observed that three of the radioactive

substances resulting from the exposure of uranium to neutrons had

some of the chemical properties of barium—enough to follow barium

in certain of the distinctive precipitations which are known to chemists.

Now this is a statement which is true of radium. Hahn assumed that

he had three new isotopes of radium, and this was entirely natural, for

two reasons. First, radium and its isotopes already known are all

radioactive, suggesting that any which remained to be discovered

should also be so; and second, the atomic number of radium is 88, so

that radium isotopes could conceivably come into being through the

reaction U{n, a) followed by the spontaneous emission of an alpha-

particle from the residue. Yet (and this is the fact which came out

on the 6th of January 1939) these substances were much too much
like barium ! When Hahn and Strassmann used some of the pro-

cedures which separate radium from barium, the novel substances

declined to be separated. In a typical experiment, one of them to-

gether with some well-known isotope of radium would be introduced

into a solution of some salt of barium. Fractional crystallization being

performed, it was found as usual that the relative concentration of the

radium isotope was greatly changed in the first-to-be-formed of the

crystals; but not the relative concentration of the new substance,

which entered into the crystals in just the same proportion as the

barium itself.^

There are people who have revolutionary and false ideas about

questions of science, and who irritate the scientists by their overconfi-

dent, their often arrogant ways of offering those ideas to the world.

''The salts were the bromide and the chromate (perhaps also the chloride and
carbonate) of barium; the isotopes of radium were ThX and MsThi.
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Listen now to men of science having a revolutionary and true idea,

and expressing it in a befitting way

:

"Now we must speak of some more recent investigations, which we
publish only with hesitation because of the strange results. . . . We
come to the conclusion: our 'radium isotopes' have the properties of

barium ; as chemists, we really ought to say that these new substances

are barium, not radium. ... As chemists, we ought to use the symbols

Ba and La and Ce where we have been using Ra and Ac and Th. But

as 'nuclear chemists' closely associated with physics, we cannot yet

bring ourselves to make this leap, in contradiction to all previous

lessons of nuclear physics. Perhaps, after all, our results have been

rendered deceptive by a series of strange accidents. ..."

Here I ought to mention another famous group of nuclear physicists

who at an earlier date might have taken the leap, but recoiled before

it so vehemently that they could not even bring themselves to mention

in print the possibility of making it. These were the physicists of the

Institut du Radium at Paris: Irene Curie and Savitch discovered in

early 1938 that one of the products of U{n) was indistinguishable, by
all the tests that they applied, from the rare-earth element lanthanum

(Z = 57). Later on they said that at a certain moment they had

envisaged what we now call the fission of the uranium nucleus, but

had preferred to believe that they had before them one of the trans-

uranic elements resembling lanthanum more closely than anyone as

yet had foreseen.

Now we come on to the middle of January 1939, and I must introduce

the grand idea which with the force and suddenness of revelation burst

upon several people far apart in the world, as soon as they heard of the

experiments of Hahn and Strassmann and of the leap which these two

had dared to envisage and publish if not quite to take.

Let us be audacious enough to take the leap, and let us further

imagine that after the entry of the neutron the nucleus divides itself

into two pieces or "fragments" of which one shall be barium. I must

say directly that this assumption is more specific than need be, and

that the same conclusions would be reached if we assumed that one of

the fragments is some other element close to barium in the Periodic

Table. It will be simpler, however, to be definite: let us assume bar-

ium, and for still greater definiteness let us suppose that the isotopes

concerned are 238 of uranium and 139 of barium. The neutron, then

supposedly enters a nucleus 92U^*^ and with it forms the transitory

"compound nucleus" 92U^*^, and from this there splits off a nucleus

seBa^^'. What is left behind must be (if in a single piece) the nucleus
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of which the charge added to 56e makes 92e, and of which the mass-

number added to 139 makes 239—that is to say, the nucleus aeKr^"".

This is an example of the type of process which has been named by
borrowing the word "fission" from, biology. The biologists seem not

to have found a specific verb to correspond (I am told that they use

"divide") and the physicists have had no better inspiration. The
dictionaries, however, authorize the use of "fissure" as a verb both

transitive and intransitive, and I will henceforth so use it.*

Now a difificulty looms up, or rather what seems to be a difficulty but

is really a great advantage, for the grandeur of the idea depends on it.

Mass-numbers are only approximations to true masses, and the true

mass of the nucleus U^*^ is greater than the sum of the masses of Ba^*^

and Kr^"". There is a superfluity of mass, and by classical ideas this

superfluity might have to vanish, which would indeed be a stumbling-

block. However, that stumbling block does not exist, because of

something I have now to introduce. // is the rest-mass, in the sense of

relativity, of U-^^ which exceeds the sum of the rest-masses of Ba^*^ and
j^j.100 Now U^^^ before the explosion is practically at rest, but we are

not obliged to make the same assumption about the fragments, and in

fact we can assume that the fragments fly apart at just such speeds that

their relativistic increase of mass with speed brings up the sum of their

masses to exactly the right value. If so, their kinetic energies must be

50 to 100 Mev apiece. These on the nuclear scale are immense amounts
of kinetic energy, and particles possessing it must be easy to isolate

and easy to detect. This is why the idea is a grand, one.

As it might occur to some reader to go to the tables of constants

and look up the mass-values of U^*^ and Ba^^^ and Kr^"", I must say at

once that he will not find them. Generally speaking, the mass-spectro-

graph cannot be used on radioactive and unstable atoms because one

cannot get enough of them together for the experiment (exception

being made for very long-lived ones like U^*^ and Th^*^) ji^\\ those

three belong in that category, and therefore we have to estimate their

masses by extrapolation from those of stable isotopes. The extrapo-

lations for Ba'^^^ and U^*^ are so small that the uncertainty is trivial,

but Kr^"" is no less than fourteen units heavier than the heaviest stable

isotope of krypton, and this is serious. However, one is not so much
concerned about conceivable defects in grand ideas when the ideas

have already done their work by leading with success to grand experi-

ments. I lay emphasis again, for a reason later to appear, on the extent

to which Kr^"'' is out of line with the stable krypton isotopes; and now
we pass to the experiments.

^ I am indebted to Dr. Elizabeth Patterson of Bryn Mawr College for this solution.
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There are actually two grand experiments, which I tried to dis-

tinguish above in a sentence by saying that the energetic particles

must be easy to isolate and easy to detect. " Isolate " is not a very happy
word: the fact is, that if so energetic they must be able to fly right

out of the bombarded sheet of uranium (unless they start too deep

beneath its surface)—thus, if some sort of a collector is placed across

from the uranium and not too far away, they must assemble on it and
there they should be found together with all their descendants.

Joliot published this experiment before the end of January. He found

radioactive substances on his collector even when more than two
centimetres of air * had separated it throughout from the uranium.

The experiment has been performed by many, some introducing

new refinements. Meitner and Frisch for instance used a bowl of

water for collector, and then could concentrate the radioactive bodies

by letting the water evaporate, or by precipitating various salts which

in advance they had dissolved in it. This last is the chief technique

for finding out the chemical nature of the radioactive products, to wit,

the elements of which they are unstable isotopes; but we have not

space for entering into the details of the technique, already practiced

these five years. Glasoe, McMillan and others modified the method
by piling very thin foils of very light substances—aluminium, filter-

paper, cigarette-paper—on the uranium. Some of the radioactive

matter is found embedded in each of the first few foils, and one may
study thus their "distribution-in-range," an almost self-explanatory

term. In McMillan's experiment the utmost perceptible range was
slightly above 2.2 cm of air.

Already in the first experiment Joliot observed that in respect of

its decay in time, the radioactivity on the collector was very like that

remaining on the uranium. Later more accurate work has merely

strengthened that conclusion, and Segre in particular affirms that out

of many radioactive bodies there are only two which are found in the

bombarded uranium itself and not on the distant collector also. On
the distant collector there are found, in particular, the substances

once classed as "trans-uranic elements." This is very important, for

in the theory of the trans-uranic elements there occurs no stage in

which the fragments of the uranium nucleus (or any other) are thrown

apart with so tremendous energies. Were these elements trans-uranic,

they should not be able at all to escape from the bombarded uranium

^To give the thickness of air (of the density corresponding to 15° C. and one
atmosphere of pressure) which can just be traversed by a charged particle is the
ordinary way of stating the "penetrating power" of the particle. Often some other
substance than air is used in the tests; it is then not the actual thickness of the

substance, but the "air-equivalent" thereof, which is ordinarily stated. Joliot

appears to have used actual air in the experiments.
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target. When in defiance of this the radioactivity crossed over to the

collector, the trans-uranic elements were doomed.

In these experiments, then, the fragments of the initial explosion

are found en masse together with their descendants upon the distant

plate. In those of the other grand type, they are detected each by
itself en route. Being charged particles of great momentum, they

cleave through any gas in nearly linear paths, along which quantities

of ions stay behind.^ The Wilson chamber may be used to make these

visible, and has indeed already been so used (by Joliot, and by Corson

and Thornton) ; but another device gave the first and as yet most

instructive results. This is the ionization-chamber equipped with

linear amplifier and oscillograph. In the first, the ions due to the pas-

sage of a single particle are drawn to a collector and their charges

united; in the second, the united charge is multiplied by a large fixed

factor; in the third, the multiplied charge produces a sharp sidewise

motion of the oscillograph-beam and the spot which this last produces.

On the photographic plate the moving spot produces a line, the length

of which is measured. Instances of these lines appear in Fig. 1.

Fig. 1—Records of fission-fragments obtained with ionization chamber, linear ampli-
fier, and oscillograph. The short lines due to alpha-particles are lost in the hazy
dark band beneath. (Courtesy of J. R. Dunning)

Uranium is a spontaneous emitter of alpha-rays (this is how the

radioactivity of U^'^ and U^'* is manifest) and so the apparatus will

show "kicks" even when neutrons are absent. This is an advantage

really, since when the neutrons are admitted and the kicks due to

the fragments appear they are so much the larger that there is no

danger of confusing them with alpha-particle kicks, while these last

may be pressed into service for calibrating the device. The calibration

reposes upon a theorem of very great value in physics: viz., the (aver-

age) amount of energy expended by a fast charged particle in producing

an ion-pair is fixed and constant, whatever the charge and mass and
^ This is correct whether they travel as isolated nuclei, or are attended by some

though not the full quota of orbital electrons which would environ them were they
already the nuclei of completed atoms. Capture of electrons along the course is al-

most certain (it has been proved to occur with alpha-particles).
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speed of the particle. So, the ratio of the kicks caused respectively

by a fragment and an a-particle is the ratio of their initial energies,

provided the chamber is so "deep" that they both run their courses

completely to the end in the gas thereof. If on the other hand the

chamber is so shallow or "thin" that fragment and a-particle shoot

across it and only a small part of the total course of each is comprised

within it, then the ratio of the kicks may be the ratio of the densities-

of-ionization along the two tracks. Both the initial energy and the

density-of-ionization are known for the a-particles, permitting the

calibration. Also the constant value of the energy-expended-per-ion-

pair is known (it is about 30 ev.) so that if the experimenter can meas-

ure the actual amount of charge set free in his ionization-chamber he

need not bother with the a-particles.^ In Fig. 1, by the way, the alpha-

particle tracks are quite lost in the black band of the "background."

The second grand experiment, then, consisted in showing that when

the neutrons were falling upon the uranium, there instantly appeared

among the smallish kicks due to the a-particles others which were

much greater—ten- and twenty-fold greater. This was done in four

places "^ at least in America in the closing days of January 1939; in

Copenhagen, however, a fortnight earlier.

The greatness of the kicks when the ionization-chamber is deep

signifies the greatness of the initial energies of the fragments: I shall

presently quote the latest data of these. But when the chamber is

thin, the kicks due to the fragments again stand out very much over

those due to the a-particles; and this signifies that the ionization-

density along the fragment-tracks is great. (Take note, by the way,

that one and the same chamber may be thin or thick, according as the

density of the gas within is low or high—a very convenient fact.) The
fragments, then, not only have remarkably great energy to start with,

but also spend it at a remarkable rate in ionization along their courses.

The course or "range" of a fragment must therefore be much shorter

than would be that of an a-particle of the same energy. This is a

verifiable fact, the ranges being easily measured by this method. We
have just seen how Joliot was able to estimate them earlier, wiping

out by this observation the possibility that each of the great kicks

may be due to many a-particles starting off together. From the ion-

^ All this is contingent upon the ions being completely gathered in by the collector

of the ionization-chamber before any serious fraction of them is annulled by re-

combination, or (failing that) upon the loss by recombination being the same in

proportion for a-particles and for fragments. Owing to the (unprecedently) great

density of ion-pairs along the tracks of the fragments, this is by no means sure.

^ New York (Columbia), Baltimore (Johns Hopkins), Washington (Carnegie

Institution), Berkeley (University of California). In these cases the suggestion

originated with Fermi.
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ization-density and the range and the energy all taken together, it

may be inferred that in both charge and mass these particles much
exceed the a-particles ; but here, better data and fuller theory are

urgently required.^

Now we will consider the energies of the particles according to the

data of Kanner and Barschall of Princeton.

If the immediate products of the fission are really just a pair of

fragments nearly but not quite identical, we may expect a distribution-

Fig. 2—Distribution-in-energy of fission-fragments of uranium.
(Kanner and Barschall ; Physical Review)

in-energy curve with two sharp peaks. If different fissions result in

different fragment-pairs, the peaks must be broadened. If three or

more particles are formed at a fission, there should be a broad con-

tinuous distribution of energies. This third of the possibilities is well

excluded by the curve of Fig. 2; it remains to be seen whether the

breadths of the humps speak for the second over the first.

* The inferring of charge and mass from energy, range and ionization-density is

much practiced in the field of cosmic-ray research, in which, however, the particles

usually have charge e and masses between the proton-mass and the electron-mass.
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In giving the data for Fig. 2, as my words have implied, only a

single fragment from each fission escaped into the gas of the ionization-

chamber; this was arranged by laying down a very thin film of uranium

upon a thick sheet of another metal. Figure 3 was obtained by laying

down the uranium film upon a foil so very thin, that from most of the

fissions both of the fragments entered into the gas. The great peak of

Fig. 3 therefore indicates the sum of the energies of the fission-frag-

ments, the peaks of Fig. 2 the components of that sum. Making al-

Fig. 3—Distribution-In-energy of pairs of fission-fragments from uranium.
(Kanner and Barschall)

lowance for the average energy-loss suffered by the fragments in

passing through solid matter before they escape to the gas, Kanner and

Barschall decide on 159 Mev. for the sum, 98 and 65 Mev. for the

components: the discrepancy between 159 and (98 -f 65) lies within

the uncertainty of experiment. By the law of conservation of momen-
tum, the ratio of the component energies is the ratio of the fragment-

masses; if one of these is about 100, the other is therefore about 150

—

and the uncertainty implied by "about" is broad enough to permit

the hypotheses which we have made and are to make about the nature
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of the fragments. The Columbia school has done the same experiment,

with Hke results.

Another way of ascertaining the energy released by fission was
adopted by Henderson of Princeton; it is the oldest and most unim-

peachable of all the methods of measuring energy, for he determined

the rate at which heat was being developed in a uranium target and a

container surrounding it while the Assuring was going on. His value

was 175 Mev. per fission, with an uncertainty of some ten per cent.

As some of this energy belonged not to the fragments but to the elec-

trons emitted after the fission, the agreement is better than passable.

Now we come back to the question of the masses of the initial frag-

ment-pair; and I will develop a second consequence of these masses,

entirely different from the first. I revert to the use of mass-numbers,

since the corrections needed for converting these into actual masses

have not the slightest bearing on the point which is now to occupy us.

If the members of the initial fragment-pair are Ba^^** and Kr^°*', then

the second of these two is fourteen units heavier than the heaviest

stable isotope of seKr. It is therefore much too massive for its charge.

This suggests that it may be able to shed neutrons, and so bring down
its weight to the highest value compatible with its charge. But one

may also say that Kr^"" is too feebly charged for its mass. One has to

go no fewer than six steps along the periodic table—to 42M0—to find

an element with a stable isotope of mass-number 100. Yet there is

nothing to prevent us from assuming that the nucleus seKr^"" may
shoot out six negative electrons, and so increase its charge to the mini-

mum value compatible with its mass. The six might come out seri-

atim, in which case there would be a chain of six radioactive substances

comprising all the elements from seKr to 4iCb. Again, the nucleus

might conceivably eject any number of neutrons under fourteen and

some number of negative electrons under six, arriving at a sort of

compromise pair of values of mass and charge compatible one with

the other. One guesses already a mighty number of possible radio-

active bodies resulting from the fission

!

But now let us discard the assumption that Ba"* and Kr^"" are the

actual fragments of the fission, replacing these with any two nuclei

which {a) lie in the middle region of the Periodic Table and (6) have

atomic numbers adding up to 92 and mass-numbers adding up to 239.

What, then, will happen to our two inferences from the masses? Es-

sentially, nothing. Whichever such pair we take, one at least of its

members must be too heavy for its charge and too feebly charged for

its mass. (With most conceivable pairs, this will be true of both the

members!) This derives from one of the fundamental facts of nuclear
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physics: the fact that when mass-number is plotted against atomic

number, the points representing the stable nuclei cluster about a con-

cave-upward curve. Moreover, whichever pair of fragments we as-

sume, there will be a superfluity of rest-mass which will manifest

itself in a high kinetic energy of the two fragments. This derives

from another fundamental fact : when the percentage of excess of mass-

number over true mass is plotted against the mass-number (or for

that matter the atomic number) the points representing the nuclei

cluster along an upward-trending curve.

And so, the kinetic energy of the fragments and the facts of the

emerging negative electrons tell us neither which is the initial fragment-

pair, nor even whether the initial pair is in all cases the same! Can
these questions be answered out of the study of radioactive substances?

Some of these we can indeed exclude by observing that they grow out

of others; but as to these others, we shall never be able to exclude the

possibility that they grow out of still others so short-lived, as to be

quite unidentifiable. The half-period of a radioactive substance must

be appreciable, if the substance is to be detected and its chemical

character recognized; and "appreciable" thus far has signified, among
the products of fission, "several seconds or more." It is true that

certain tours de force, whereby much shorter half-periods have been

measured among the natural radioactive bodies, have not yet been

applied to the fission-products (so far as publications tell) ; they might

prove workable. ^°

Thus it may be necessary for the nonce to lay aside the problem of

deciding which is the true initial fragment-pair (or pairs) and be con-

tented with identifying as many as possible among the radioactive

substances and tracing their interrelations. Of these—hereafter to be

called "the fission-products "—there is indeed a multitude. Among
them, chemical elements have been recognized as follows: 34Se, ssBr,

seKr, svRb, ssSr, 39Y, 4oZr, 4iCb, 42M0, 52Te, 53I, 54Xe, ssCs, seBa, and

57La. Yet by counting these one does not count all of the distinguish-

able products; experimenters say that they can tell apart three isotopes

of barium, three of strontium, four of iodine and no fewer than seven of

tellurium! Some of these agree in their half-periods with radioactive

isotopes of those same elements already formed by the older ways of

transformation, and frequently we can thus identify their mass-num-

bers with a fair degree of certainty. (Ba^^^, which I introduced into

the hypothetical reaction of page 272, is such a one; but we shall see

1" I refer particularly to the use of a rapidly-turning wheel to carry a target swiftly

from a place where it is under bombardment (or receiving a deposit of radioactive
nuclei) to another place where it is opposite a detector; and the measurement of the
radioactivity of a beam of fast-flying nuclei at various points along the beam (the

method applied by Jacobsen to RaC).
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that certainly it is not always and possibly it is never an initial frag-

ment.) Others were unknown till 1939.

So numerous are these and the other fission-products still unrecog-

nized, that the "decay-curve" for a piece of bombarded uranium or

for the deposit on a nearby collector, due to all of them conjointly,

looks like the resultant of contributions practically limitless in number

and with a random distribution of half-periods. Not only is this also

true when neutrons impinge on thorium, but the curves for the two

elements cannot be told apart! Only after chemical separations have

been made can individual half-periods be sorted out from among the

welter; and if there are some characteristic differences between the

results of the fission of uranium and those of the fission of thorium,

they have not yet been proved.

Special interest attaches to the fission-products which are gaseous.

They can be separated physically from the rest: the fission-products

are received or dissolved into water (or indeed the uranium may be

exposed to neutrons while in aqueous solution) and through the water

a stream of air is bubbled, which takes along these particular ones to

distant points in the system of tubing where they and their descendants

can be studied. They cannot themselves be identified, but among

their descendants are found (radioactive) isotopes of srRb and ssCs;

therefore the gases comprise unstable isotopes of krypton (seKr) and

xenon (54Xe). Could these be initial fragments of various types of

fission? If so, their mates are seBa and ssSr. Now, barium and

strontium are found indeed among the fission-products, which seems

to sustain this idea. But barium and strontium may also be the

immediate descendants of the caesium and the rubidium aforesaid.

This alternative idea is testable; and according to Hahn and Strass-

mann, two among the three barium isotopes (Ba^^^ being one of the

two) are surely descendants of caesium, while the third may be an

initial fragment.

Many other such "genetic" relationships have been published, but

it would be lengthy and might be premature to quote them. I will

mention at least that several sequences have been traced by Abelson

in greater or less detail among the many fission-products which are

isotopes of the three consecutive elements oiSb, 52Te, and ssl- A
special interest attaches to one of these bodies, the " 77-hour tellurium "

;

for it has been identified as tellurium not only by its chemical proper-

ties but also by its X-rays. Let us pause to consider this.

The ordinary way of evoking an X-ray spectrum is to use the element

in question as the target, or a constituent of the target, of an X-ray

tube. This means that the atoms are excited by projecting electrons
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against them. They may also be excited by projecting photons

against them, and this is sometimes done. Both of these ways are

completely out of the question as yet with any artificial radioactive

substance, for the greatest amount yet produced of any of these is so

small that if its atoms were placed in a target, the hits made upon

them by electrons or photons projected in streams of any feasible

strength would not be numerous enough to produce detectable X-rays.

If, however, the necessary photons proceed from the nuclei of the

atoms themselves, then the whole situation is changed, because now
the efficiency of excitation is so great. Such is the case with many of

the natural radioactive substances, and now also (it appears) with the

"77-hour tellurium." Excited presumably by photons proceeding

from their nuclei, ^^ the atoms emit X-rays, and these have been found

(by Abelson in Berkeley, by Feather and Bretscher in England) to be

the characteristic rays of the K-series of iodine. " Iodine" here is not

a misprint for tellurium! When the nucleus is radioactive by virtue

of the emission of an electron, the photon (if any) leaves after the

electron is gone, by which time the atom is already an atom of the

daughter-substance.^^

Now we take up the yield of the fission-process: how does it depend

on the energy of the incident neutrons?

Here uranium sets itself apart from the two other fissurable elements.

Thorium and protactinium respond to fast neutrons only, uranium

both to slow and to fast (but not to intermediate) neutrons. It is,

however, believed that with uranium, one isotope is sensitive only to

fast and another both to fast and to slow (or possibly only to slow).

There are good theoretical grounds for this belief, and also for choosing

the respective isotopes; but as yet there is not the certainty to be

expected from some future and probably imminent experiment on

separated isotopes. ^^ Accepting nevertheless the current belief, we sup-

^1 Another mode of excitation is now known: an electron may fall into a nucleus,
and by quitting its place in the orbital electron-family create the condition for the
emission of an X-ray photon. Whether this or the other or both be the mode of

excitation of the 77-hour tellurium is not yet certainly known.
12 As this is likely to cause confusion, I emphasize that when the chemical separa-

tion is made, the atoms which have not yet emitted nuclear electrons are still tellurium
atoms, and when they manifest themselves by that emission it appears among the
tellurium; from then on they are iodine atoms among the tellurium, but no longer
manifest themselves except through these X-rays. One may wonder whether the
"transuranic elements," to which the 77-hour body was formerly thought to belong,
would have been discredited if this measurement on the X-rays had been made
earlier. Well, the measurement was earlier made (though not so precisely) and the
rays were interpreted as characteristic X-rays of the L-series of a transuranic element.
It is hard to make a guess as to whether further and better measurements would
have destroyed this possibility.

" As these pages start for the press I am authorized to say that the separation has
been achieved h\ Nier and the experiment performed by Dunning, Booth and von
Grosse. The "light fraction," consisting of U^^ with a small proportion of the very
rare isotope U^'^ is definitely sensitive to slow neutrons; U^^' is definitely not.
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pose that of four known types of nuclei three (Th^*^, Pa^^^ U^**) are

fissurable by fast neutrons only, one (U^^^) by slow neutrons and prob-

ably also by fast. The mass-numbers just given are those of the

nuclei awaiting the invading neutrons. If one prefers (as many do)

to think of the transient composite nuclei formed by the neutron-

invasions, one must write Th^^*, Pa^^^, U^^^ and U^^^.

To speak of "fast" neutrons is vague, but not much vaguer than

the state of knowledge, which as yet is rudimentary. Fission has been

detected of thorium at neutron-energy of about 2 Mev, of protactinium

at about one Mev, of uranium at about 0.5 Mev. It thus appears

that the "threshold," or least contribution of energy demanded for

fission, declines as the end of the Periodic Table is approached; and
this seems natural. (Remember always that even with the fastest

neutrons ever used, the contribution is very small compared with the

energy released.) Values given in the literature for the "cross-section

for fission by fast neutrons" include: O.S-lO^^^cm^ and 0.1 -10"^* for

uranium and for thorium bombarded by 2.4-Mev neutrons (Princeton)

and 0.1 -10"^^ for uranium bombarded by the "RnBe" neutrons.^*

If between the source of neutrons and a target of uranium a screen

of paraffin or water is inserted, the fissions become more abundant;

but if now between the paraffin or water and the uranium a shield of

cadmium is placed, the fissions become very rare. Now, paraffin and
water convert fast neutrons into slow or "thermal" ones,^^ and cad-

mium is a very efficient absorbent for slow neutrons. We recognize,

therefore, a specific effect of slow neutrons, peculiar to uranium.

"Slow" or "thermal" signify in this usage: having kinetic energies of

the very modest magnitudes possessed by molecules of air (or anything

else) at ordinary temperatures : fractions of one electron-volt, and rarely

more. Clearly then it is not the energy of motion of the neutron

which is the insignificant spark setting off the mighty explosion; it is

the mere presence of the neutron within the nuclear system.

A beam of slow neutrons falling upon a thin uranium layer produces

many more fissions than does a fast-neutron beam of identical strength.

Twenty-to-one was the ratio of yields found by the Columbia school,

in the same experiment as gave them the value 0.1 • 10"^* for the cross-

section for fission by the fast "RnBe" neutrons. If, however, we put
2.10~24 {qi- i^hg cross-section appropriate to the thermal neutrons, we

" Cross-section for fission, o-/, is so defined that if N neutrons strike a thin layer
comprising M nuclei per unit area, MNaj fissions occur.—The "RnBe" neutrons,
viz., those released when a-particles from radon and its descendants impinge on
beryllium, have a very broad energy-range extending at least from 14 Mev indefinitely

downward (cf. Dunning, Phys. Rev. 45, 586; 1934).
1^ The neutrons lose their great kinetic energies in repeated elastic impacts with

hydrogen nuclei.
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are in effect assuming that all the nuclei in the layer are equally liable

to being fissured by these. To remain faithful to the well-grounded

assumption that only the nuclei U^*^ are liable thus, we must multiply

by 140, since only one nucleus in one hundred and forty is of this

isotope. ^^ The resulting value is large-sized for the nuclear scale,

though not unprecedented: there are elements which absorb thermal

neutrons so voraciously (without however suffering fission) that the

cross-section for absorption is found to be hundreds of times more
extensive.

Now in conclusion we turn to the particles other than nuclei, which

go forth into space when or after the fission occurs. These comprise

photons, electrons, and newborn or "secondary" neutrons; and the

last are by far the most sensational.

Of the electrons, almost all has been said that should find place in

this account. I recall that by virtue of the second argument from the

masses (page 279) the nuclei of the fission-products should go from

instability over to stability by emitting electrons which are negative.

Observation shows that the emitted electrons are negative indeed (and

yet there must be many among the products for which the sign has not

been ascertained). Unstable nuclei emitting positive electrons are not

at all unknown; indeed they are formed in many transmutations; their

absence from among the fission-products is therefore significant.

Many of the electrons coming forth are of "secondary origin," i.e.

released by photons from the electron-families of the atoms. When
classified with the many radioactive bodies formed by other modes of

transmutation, some of the fission-products are found to be identical

with some of those others, and the rest are in no wise peculiar.

Of the photons, some are X-ray photons engendered as I have re-

cently described (page 282). Others are of the gamma-ray type, i.e.,

they spring from unstable nuclei among the fission-products. Their

existence not being in the least surprising, they have in the main been

left for future study.

Coming now to the secondary neutrons, I will begin by dividing

them into the "delayed" and the "instantaneous." The former come
forth and are detected during an appreciable time—a few seconds up
to a few minutes—after the fissions cease. Here then are radioactive

bodies, of which the radioactivity consists in the emission of neutrons

!

Nothing of the sort had ever been known, and the discovery (made at

the Carnegie Institution of Washington) created a sensation. In num-
ber they are much fewer than the "instantaneous" neutrons, define

i«The figure is from Nier, Phys. Rev. 55, 150 (1939), who gives 139 ± 1 as tiie

abundance-ratio of U^^"* and U^^*.
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(for the present) as those which come out within a few thousandths of

a second of the moment of fission. The ratio, according to the Co-
lumbia school, is about one to sixty. Delayed electrons and delayed

photons have also been observed. Most observations on secondary

neutrons are made while the target is being bombarded, and therefore

relate to a mixture of the instantaneous with a small proportion of

the delayed.

In energy the secondary neutrons differ greatly from the primary,

a remarkable contrast ! This is shown by several neat and pretty ex-

periments, in which the secondaries manifest themselves by acting on

detectors which cannot perceive the primaries at all. Thus if the

primaries are thermal neutrons, an expansion-chamber or an ionization-

chamber full of gas can be set among them without showing any sign

of them,^^ since they cannot strike hard blows against the molecules

therein. Let, however, a piece of uranium be set nearby, and the

chamber will show dense trains of ions, produced by nuclei struck very

hard and driven out of the molecules by neutrons which are fast. In

this manner Halban and Joliot and Kowarski in Paris detected second-

aries running in energy up to 11 Mev and beyond, while Zinn and
Szilard of Columbia mapped the energy-spectrum up to 3.5 Mev. But
also there are detectors able to discriminate between fast and faster

neutrons: e.g. phosphorus, which becomes radioactive when bombarded
by neutrons if, but only if, these have energy greater than 2 Mev.
Dode and others in Paris prepared a source producing neutrons of

energy one Mev; placed it next to a uranium target ; surrounded source

and target with a tank of liquid carbon disulphide, in which phos-

phorus was dissolved ; and the liquid grew radioactive.

But how many neutrons are released per fission ? This is a question

of singular and perhaps of devastating importance, as will presently

appear.

The obvious way to answer it seems to be that elected by Zinn and
Szilard, who measured the number of fissions and also estimated, from

the number of recoiling nuclei observed in their expansion-chamber,

that of the secondary neutrons. Most of the trials have been made
by a different method, in which all of the secondary neutrons are

reduced to thermal energies before they are detected. (Incidentally

there is the advantage, that if neutrons are released with low initial

energies they will be counted by this way but not by the other.)

In this more customary method, the neutron-source and target are

close together in the midst of a great tank of water, as large as can

" Except that if nitrogen is contained in the chamber, the thermal neutrons will

react with the nitrogen nuclei so as to release protons (Zinn and Szilard).
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conveniently be made. Paraffin may surround ^* the target and the

source, to slow down the primary neutrons; or the water itself may
perform this office. Again, the target may be diffused throughout the

entire water-mass, in the form of a soluble salt of uranium. The
detector is a substance becoming radioactive when exposed to slow

neutrons. It may itself be spread throughout the water in the form

of a soluble salt, or it may be in the form of a thin foil which can be

moved from place to place in the water. In the former case, the water

is thoroughly stirred after the exposure is over, and then a sample is

taken, the activity of which is a measure of the average density—and

therefore of the total quantity—of thermal neutrons in the entire

tank during the exposure. In the latter case, the foil is used for

mapping out the density of thermal neutrons in the water as function

of the distance r from the target in the middle, and what is usually

plotted is the "/r^ curve," / standing for the strength of the activity

of the foil.

The total quantity of thermal neutrons, existing at any moment
dispersed throughout the water, is greater in the presence of the

uranium than in the absence thereof ^^ (Anderson, Fermi and Han-

stein) ; this is the simplest proof of the fundamental result. When
the Ir^ curves are compared, it is found that the presence of the ura-

nium lowers the curve in the close neighborhood (within 13 or 14 cm)

of the neutron-source, but raises it further out. Presumably this is

because the uranium swallows up the slow primary neutrons, and those

which it gives out in exchange are themselves not slow until they

have gone a long way onward in the water. In tanks of sufficient

size, the increase farther out more than balances the diminution nearer

in, and the total quantity of thermal neutrons is augmented by the

presence of uranium (Halban, Joliot and Kowarski); this agrees with

the other result. It is therefore established what when the primaries

are slow, the fission-process delivers more neutrons than it consumes.

The same holds true when the primaries are fast, for when a beam of

RnBe neutrons is sent through a plate of uranium oxide the detector

beyond reveals a greater quantity of rapid neutrons than when the

plate is absent (Haenny and Rosenberg, experimenting with a plate

8 cm thick).

How many neutrons then emerge, for every one which is spent in

producing a fission? This is a remarkably difficult question to put to

18 It is not necessary that the " slowlng-down " substance be actually between the
target and the source, since slowed-down neutrons come out of it in all directions.

19 To make the situations strictly comparable, the uranium is replaced in the

control experiment by some substance possessing an equal absorbing-power for

neutrons, but not liable to fission.
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the test of experiment. About all that the several answers have in

common is, that more neutrons emerge than are spent. Zinn and
Szilard say, two or three times as many; Anderson, Fermi and Szilard

say, between one and two; the Paris school, three or four. A yet

higher value (eight) published from Paris seems to comprise some
" tertiary " neutrons produced by the secondaries.

But if every fission produces a fresh neutron to replace the one

which caused it, and then some extras in addition, must we not an-

ticipate a self-sustaining, nay even a self-amplifying effect? Must we
not fear, in fact, a cataclysmic explosion?

Were anything of the sort to happen, we may take it for granted

that the world would know of it, though in all probability the experi-

menter would not himself survive to report it. Evidently then it has

not happened, and there must be a brake or brakes in Nature which

impede the slide toward the catastrophe, and have thus far averted it.

In other words, there must be ways in which neutrons are made harm-

less by some innocuous type of capture, before they ever produce a

fission.

Some of these other ways are known already. If the uranium is

mixed with other elements—as, in Nature, it invariably is—the nuclei

of these can take up some of the neutrons. Whether the composite

nuclei so formed are stable or radioactive is in this connection not

important ; they give no neutrons out in exchange for the ones absorbed,

and so the chain is broken. But if all other elements are carefully

extracted, do any brakes remain?

Two surely do, and one is the fact that the newborn neutrons are

rapid, and cannot be efficacious as agents of fission until they are

slowed down to thermal energies. In pure uranium the slowing-down

can only be extremely gradual, so unfavorable is the huge mass-ratio

—

238 to 1—for the energy-transfer in the elastic impacts. Yet if the

volume of purified metal were great enough, this brake would relax.

Thus the durability of small-size pieces of uranium made chemically

pure, well attested as it is, is not by itself a proof that much larger pieces

would be safe. Those who are trying to approach the catastrophe,

while hoping not to provoke it, are engaged in piling up uranium in

greater and greater masses.

The other brake is supplied by the "reaction of pure neutron-

capture," which I mentioned on an early page (p. 270). Every now
and then, when a neutron enters a nucleus of uranium, the composite

nucleus finds itself able to live on without fissure. It survives for a

time, then emits a negative electron of energy trivial compared with
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fission-energies, and relapses into permanent stability. This is espe-

cially likely to happen when the neutron-energy is about 10 ev. Sup-

pose then a volume of pure uranium so great, that the rapid neutrons

released within it can make collisions numerous enough to bring their

energies down to the thermal range where they are dangerous. Before

they reach this range they must pass successfully through that other

where they are liable to be disarmed—or put away in prison, rather.

This second brake does not diminish in its strength as the volume of

uranium is raised.

Perhaps the second by itself is powerful enough to avert the ex-

plosion. In this case there is no danger of incurring the cataclysm by

piling up uranium, however pure. There remains however the chance

of separating the two isotopes 235 and 238, verifying that the fission

by thermal neutrons occurs only in the one and the reaction of pure

neutron-capture only in the other, and then accumulating the danger-

ous one by itself. Enough has just now been separated, as I said in an

earlier footnote, for the verification to begin. To separate enough for

the dangerous trial will take a good deal longer in the doing. After

it is done, there is yet another brake which may avert catastrophe.

When the cumulative processes begin, the heating of the metal may
and probably will so affect the energies of the neutrons, that their

efficiency for fissuring the nuclei will be greatly abated and so the

processes find a natural limit. Otherwise it is to be hoped that those

who build up great masses of sensitive uranium will recognize prelim-

inary signs that the danger-point is close, before they actually attain it.
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A Solution for Faults at Two Locations in Three-Phase

Power Systems

By E. F. VAAGE

This paper is an outgrowth of studies of double faults to ground
in three-phase power systems made by the author in connection

with work of the Joint Subcommittee on Development and Re-

search, Edison Electric Institute and Bell Telephone System. The
paper provides a systematic solution, based on the method of

symmetrical components, by means of which currents and voltages

can be determined at times of fault involving any combination of-

phases at one or two locations on three-phase power systems.

1. Introduction

AKNOWLEDGE of the magnitude and phase relation of power

system voltages and currents for various types of faults in three-

phase systems is of importance in the study of various problems, among
which are relaying studies, the efficacy of current limiting devices and

their reaction on the power network, and estimates of induction in

paralleling communication circuits.

The method of symmetrical components as developed by Fortescue ^

and others is now extensively used in the solution for currents and

voltages in three-phase power systems under fault (short-circuit)

conditions. Formulas for special cases of faults, such as single and

double line-to-ground faults, can be found in various text books on this

subject. The solution for simultaneous faults at two locations has

been treated by Miss Clark,^ in a form particularly adaptable to the

use of a calculating board.

The present development provides a complete and systematic solu-

tion for currents and voltages at times of fault on any number of

phases at one or two locations in a three-phase system, in which gener-

ators may be assumed in phase and of the same internal voltage, and

where load currents can be neglected. These are the usual assumptions

made in computing fault currents, except for certain special problems,

such as that of power system stability. The methods employed herein

could be extended to cases where generators of dififerent phase angles

and voltages of more than two points of fault are involved. Formally

such cases can be treated in a manner similar to that given in the

paper. The number of impedances to which an w-terminal network

' Reference numbers refer to references appearing at the end of the article.
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can be reduced is given by the expression ^n{n — 1). For w = 3,

the case treated in this paper, three impedances are required which

necessitate six equations for the general solution of the six fault

currents. For w = 4, which would be the case for three points of

fault (or two points of fault and two generating voltages), six im-

pedances would appear in the reduced network and this would necessi-

tate twelve equations for the general solution of the fault currents.

For larger values of n, the necessary number of equations increases

rapidly, thus making the solution impractical. Such problems

usually, as a practical matter, are more readily solved by the use of a-c.

calculating boards.

While no departure from the general methods of symmetrical com-

ponents is made in the present development, a systematic method of

handling the equations is presented and means of determining the

coefficients given so that numerical calculations can be directly carried

out when the constants of the network are known.

2. General Solution

The equations developed in this paper are based on the sequence

impedances looking into a three-phase network from two points of fault.

Consider the network shown in Fig. 1. This system can be reduced

CONTAINS ENTIRE NETWORK

FAULT A FAULT B

Fig. 1—General network diagram.

to an equivalent star for each of the positive, negative and zero se-

quence networks, with legs to the points of generation and to the faults

at A and B. Figure 2 shows the reduced positive sequence network.

Similar diagrams can be made for the negative and zero sequence

systems except for the fact that in these cases there are no generated
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voltages, and the impedances and currents are the negative and zero

sequence quantities.

The reduction of a network to an equivalent star is usually a tedious

and sometimes a difficult process especially in large interconnected

systems. Methods of accomplishing the reduction, such as delta-star

transformations, simultaneous equations or direct measurements on

calculating boards can be found in the literature.^- ^

Having reduced the three sequence networks to equivalent stars,

the equations are developed as shown in the Appendix.

The following set of equations (1) is the general solution for fault

currents during simultaneous three-phase faults to ground at two

different locations in a power network. The set applies directly to

the calculation of ground fault currents on a system having finite

FAULT A FAULT B

Fig. 2—Reduced positive sequence diagram.

neutral impedances or an isolated system in which the zero sequence

capacitance is taken into account. For other types of faults, such as

faults to ground in isolated systems in which zero sequence capacitance

has been neglected, or for phase to phase faults, set (1) is not directly

applicable since some of the constants become infinitely large. How-
ever, by certain transformations of set (1), more convenient sets (2)

and (3) are obtained, directly applicable for solution of these latter

cases.
Neutral Grounded System

(1)

^Aa



THREE-PHASE POWER SYSTEMS 293

The six equations are written in matrix form with the currents and
voltages outside the system matrix. For example the first row in (1)

is interpreted as

:

AuIau + AniAh + AuIac + AulBa + ^15/b6 + AuIbc = SE

The values of the ^'s in (1) are given in Table I. It should be noted

that of the 36 constants only 13 are distinct. Six of these are in the

nature of self-impedances, two are transfer impedances between phases

at A and two between phases at B. The remaining three are transfer

impedances between the two faults at A and at B.

Considerable reductions in the constants are obtained when the

positive and negative sequence impedances are assumed equal. These

values are given in Table II.

Faults to ground on less than three phases at one or both locations

are accounted for by assuming the corresponding fault resistances in-

finitely large. The currents to ground in the sound phases are zero.

Striking out the columns containing these currents and the correspond-

ing rows, indicated by the index at right in equation (1), a reduced

set of equations is obtained from which the desired currents can be

found. A few examples are given in subsequent sections.

In power networks with isolated neutral the zero sequence impedance

Zco reduces essentially to the capacitance of the system. In this

case equations (1) are still appropriate and will give a rigorous solution

for the six currents. However, in many cases it is sufficiently accurate

to neglect the capacitance of the system. This results in infinitely

large values of all of the A's in Table I (Table II), since each depends

on Zco which is infinitely large. For this condition it is desirable to

transform the set of equations in (1) to a more convenient set with

finite constants.

The transformation required is obtained by observing that, with

Zco infinitely large, the sum of the zero sequence currents Iao + Ibo

must be equal to zero. Making use of this relation the difference of

the zero sequence voltages at A and B (equation (50) of appendix)

reduces to

:

Vaq — Vbo — [Zao ~\~ Zbo)IBO

The last equation shows that subtraction of equations associated

with phases at A from those at B removes the infinitely large element

Zco- This can be done in nine ways (ignoring reversals of sign), but

three of these result in the single equation

:

/.4a + /.-Ift + IAc + /fia + iBb + Ibc =

This equation with any five of the remaining six constitutes an inde-

pendent set; for convenience in dealing with special cases the redundant

set of seven equations is shown in the following array

:
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Isolated System—Capacitance Neglected

lAa
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The index to the right indicates which equations of (1) have been

used. The values of the C's are given in Table I and Table II.

The total ground fault currents at the two fault locations are

:

IaF = lAa + IAh + IAc (4)

IbF = Isa + Isb + IBe (5)

and the total residual current in the two faults is :

Ir = Iaf -\- Ibf (6)

In an isolated system in which capacitance has been neglected this

current is zero and equation (6) will be identical with {2a).

The distribution of these currents in the network can be found as

follows. From equations (51) and (52) of the appendix the calculated

fault currents are transformed into sequence currents. By working

back into the original sequence networks the sequence currents in each

branch of the system can be found and later combined from similar

expressions as shown in (43) and (44) to obtain the actual branch

currents.

A combination of the equations in (1) and (3) can be used for cases

involving faults to ground at one location and faults between phases

(not involving ground) at the other location.

For faults to ground at A and between phases at B, the three first

equations in (1) and the three last in (3) together with the last in {3a)

constitute the most convenient set of equations for this type of fault.

It should be noted that if all three phases are involved at B any two

of the three last equations in (3) together with the last in (3a) can be

used, while for less than three phases involved, the rules for striking

out rows and columns automatically will result in the proper equations

to be used.

Vice versa the three first equations in (3) together with the first in

(3a) and the three last equations in (1) will give the solutions for

phase-to-phase faults at A and ground faults at B.

This will be illustrated with an example in a later section.

The voltages to ground at the two locations of faults can be obtained

directly from equations (53) and (54) of the Appendix, after the

currents have been evaluated. At any other point in the system the

voltages to ground are found by adding the voltage drops of the lines

in question to these voltages, treating each sequence network sepa-

rately, then adding the sequence voltages together according to

equations (46) or (47).
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3. Special Cases

The application of the three sets of equations (1), (2) and (3), will

be illustrated with a few examples. For simple cases, such as a single

or double line-to-ground fault at one location, the equations reduce to

formulas frequently found in the literature on this subject.

From set (1) equations for faults to ground at one or two locations

can be obtained directly when the zero sequence impedance is finite.

Set (2), obtained from (1), is the most convenient set for solutions of

faults to ground in isolated systems in which capacitance has been

neglected. The phase-to-phase fault currents are best obtained from

set (3).

3.1 Single Line-to-Ground Fault at A

Consider a fault to ground on phase "6" at ^. The solution can be

obtained from (1) by letting:

RAa = Rac = Rsa = R-Bb = Rbc = =0 (7)

This results in

:

Iao = IAc = Isa = Isb = IBe — (8)

Striking out all columns in (1) containing the currents in (8) and

the corresponding rows indexed by Aa, Ac, Ba, Bb and Be only one

equation is left

:

^22/^6 = 3a2£ (9)

The numerical value of A 22 can be calculated directly from Table I,

or on substituting the symbolic value of A 22 in equation (9) the

result will be

:

^^^ " Zi + Z2 + Zo + SRp-
^^^^

where

Zi = Zai + Zci

Z2 — Za2 + Zc2 ....

Zo = Zao ~\~ Zco

Rf = RAb + RaF

Equation (10) is the well-known formula for a single line-to-ground

fault at one location in a three-phase system.

3.2 Double Line-to-Ground Fault at A

Consider a double line-to-ground fault on phases "a" and "6"

at -4. Then:

Rac = RBa = Rsb = Rbc= ^ (12)
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and

Iac = Isa = Isb = Ibc = (13)

Striking out the columns of (1) containing the currents in (13) and
the corresponding rows {Ac, Ba, Bb and Be) the following two equations

remain

:

AiilAa + AillAh = SE

AnlAa + A22lAb^ 3a'E ^ ^

from which on substituting the numerical values for the yl's from

Table I the two currents Iau and 7^16 can be found. The total fault

current to ground at -4 is

:

IaF = Iao + lAb (15)

In the special case where Rao, RAb and Raf are zero the expression

for Iaf can be reduced to the following expression after a direct sub-

stitution for the A's in (14) is made:

T ^ — ZaZ^E . .

'A.F 7 7 .±.7 7 _1_77 \^^)

where

:

Z\ — Za\ + Zci

Z2 = Za2 -\- Zc2 (17)

Z(j = Zao + Zco

3.3 Simultaneous Double Line-to-Ground Fault at A and Double

Line-to-Ground Fault at B
Consider a fault-to-ground on phases "a" and "6" at yl and phases

"a" and "c" at 5. Then:

Rac = RBb= ^ (18)

Hence

:

IAc = lBb = (19)

Striking out the two columns containing Iac and Isb and the two

corresponding rows {Ac and Bb), the four following equations remain:

A n^Aa + A ulAb + A u^Ba + A \&IBe = 3£

AiilAa + ^22/46 + AiilBa + AidBe = Za'^E

AiilAa + AiilAb + AiilBa + A idBe = 3£

AqiIao -\- A&ilAb 4" AeilBa + Addsc = 3aE

A symbolic solution in terms of the sequence impedances for these
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currents becomes quite involved and it is advisable to substitute

numerical values of the constants before solving for the four currents.

The total fault currents at A and B, respectively, are (from (4) and

(5) in connection with (19))

:

IaF = I.ia + I.ib (21)

Ibf = Isa + Ibc (22)

In a similar manner faults to ground for any other combination of

faulted phases can be found.

3.4 Single Line-to-Ground Faults at A and B in an Isolated System

Consider a fault-to-ground on phases "a" at A and "6" at B in

an isolated system in which capacity can be neglected. Then

:

i?.46 = Rac — Rsa — Rbc = '^ (23)

and

lAb = IAc - iBa = Ibc^ (24)

Striking out the columns of (2) containing the currents in (24) and

the corresponding rows Aa — Be, Ah — Ba, Ah — Be, Ac — Ba and

Ae — Bh (all rows containing Ah, Ac, Ba and Be), leaves only one

equation in (2), which together with (2a) gives:

B.jAa + B.Jsb = 3(1 - a')E

lAa + iBb =

Solving for these currents the result is

:

_ _. 3(1 - a^)E
J-Aa — — iBb — -^ B~ K^^J

Inserting the values of the B's from Table I this reduces to:

7^, = - Ij,, = 3(1 - a')E
^27)

Zu 4- Zzi + Zoi + 3(i?A + Rb)

Zii = Za\ + Zbi + 3Zci

^2i — Za2. + Zb2 + 3Zc2

Zoi = Zao + Zbq (28)

Ra = RAa + RaF

Rb = Rsb + Rbf

The subscript i (isolated) is used to distinguish these impedances for

the isolated system from those used in (11), (17) and (38).
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3.5 Phase-to-Phase Fault at A
Consider a fault between phases "a" and "Z>" at A. Then let:

IAc = Isa = iBb ^ Ibc = (29)

Striking out the columns in (3) containing the currents in (29) and
the corresponding rows (all rows containing Ac, Ba, Bb and Be) only-

one equation is left

:

CiJau + CidAh = 3(1 - a'~)E (30)

It is further known from {Za) that:

Iai = — Iao (31)

Substituting (31) and the constants Cn and Cn from Table I in

(30) the result is

:

T - - r - (1 - ^')-S HON
-"" ~ ^' ~ Z^ + Z.-i- i?.4. + Ra,

^"^^^

Z\ = Za\ + Zc\

Zi = Za2 -\- Zc2

which is a well-known expression for a phase-to-phase fault.

{^3)

3.6 Three-Phase Fault at A
For this case

:

iBa = iBb = Ibc = (34)

Striking out the columns in (3) containing the currents in (34) and

the corresponding rows, three equations remain, any two of which

together with the equation from (Sa) relating to the currents at A give :

CiJac + CulAb + CuIac = 3(1 - a^)E

C2i/.4a + C22/^6 + C^sIac = 3(1 — a)E (35)

lAa + lAb + Iac —

from which the currents can be found.

In the special case where the fault resistances are all zero, the three

currents are equal in magnitude and related as follows

:

lAa = alAb = a^lAc (36)

The rank of the system determinant in (35) is therefore 1. Using

any of the first two equations in (35) in connection with (36) and the

constants in Table I, the result is:

lAa = alAb = a^lAc = ^ (37)

Z\ = Zai -\- Zci (38)
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3.7 Phase-to-Phase Fault at A and Phase-to-Ground Fault at B
Consider a fault between phases "fl" and "6" at A and a fault to

ground on phase "c" at 5. Then :

Rac = Rbc = Rbi>= ^ (39)
and

Iac = iBa = lBb = (40)

As explained in a preceding section the three first equations in (3)

together with the first in (3a) and the three last equations in (1) may
be used for this case.

Striking out the columns Iac, Ibo and Isb and the corresponding rows

Aa — Ac, and Ab — Ac in the three first equations in (3) leaves only

the first equation. Similarly by striking out the columns Ibo, Ibi, and

the corresponding rows Ba and Bh in the three last equations in (1)

leaves only the last equation. Hence

:

CiilAa + CiilAh + CuIbc = 3(1 - a^)E
(41)

A^xlAa + AezlAb + A eelBe = 3a£

and finally from {Za) :

lAa + lAb^O (42)

from which the three currents can be found. The ^'s and C's are

given in Table I and Table II.

4. Conclusion

While the probability of all phases being faulted at both locations

simultaneously is very remote, the three sets of equations (1), (2) and

(3) have been given in such a form that they conveniently will provide

a solution for any combination of phases faulted from a single line-to-

ground fault at one location to the most involved fault condition.

In Section (3) of this paper, in which special cases have been treated,

only simple types of fault conditions have been shown in order to

illustrate the method to be used and to prove that the general equations

reduce to well-known formulas.

The constants given in Table I consist of the nine quantities Sa,

Sb, Sc, Ta, Tb, Tc, Ua, Ub and Uc arranged as shown for each set of

equations. Table II gives somewhat simpler values for the constants

in cases where the positive and negative sequence impedances are

assumed equal.

The voltages to ground at the two fault locations are given by (46)

and (47) in the Appendix.

It is hoped that this development will provide a more unified presen-

tation of fault current calculations in power networks.



THREE-PHASE POWER SYSTEMS 303

Acknowledgment

The author wishes to express his appreciation to P. A. Jeanne and

J. Riordan for valuable suggestions and checking of the mathematical
relations in preparation of the paper.

APPENDIX
The standard notation for phase and sequence quantities is usually-

indicated by a subscript. Thus /„, h, etc., means the current at the

point of fault of phase "o" and "&," respectively, /i, a^Ii and ali

are the positive sequence currents in phase "a," "&" and "c," re-

spectively. In this treatment, however, complication arises from the

fact that two points of faults are involved and it will be necessary to

distinguish between the quantities at these two locations. This is

most conveniently done by a double subscript, the first referring to the

point of fault and the second to the phase or sequence in question.

Thus lAa, iBa, etc, are the currents in the fault at A and B of phase

"a" and Iai, Ibi the positive sequence current at the two points of

fault, respectively. Making use of this notation the fundamental

equations for the sequence currents at fault A are

:

Iao + ^Al + Ia2 = lAa

Iaq + o^Iai + alA2 = IAh (43)

7^0 + ClIax + CL^lAi = IAc
And at fault B :

Ibo + Ibi + Ib2 = iBa

Ibo + a^/si + alB2 = /b6 (44)

Ibo + alsi + a^lB2 = Ibc

where the coefficient "a" is the sequence operator, having the value:

1
, .V3

2
1 . V3

(45)

The voltages to ground at the two fault locations are given by

:

VAa = Vao + VaI + Va2

= {RAa + RAF)lAa + RafIaI + RafIAc

VAb = Vao + a^VAi + aVA2
= RafTao + (RAb + RAF)lAb + RafIac

Vac = Vao + aVAi + a^VA2

= RafIao + RAF^Ab + {Rac + Raf)Iac

(46)
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Vsa = Vbo + Vbi + Vb2

= {Rsa -\- RsFjlBa + RsplBb + RbfIBe

Vbi, =, Vbq + a^VBi + aVBa
= RbfIbu + {RBb + RsFjlBh + RbfIBe

Vbc = Vbo + aVBi + a'^VB2

= RBF^Ba + RbfIbI) + (-Rfic + Rbf)Ibc

Consider the positive sequence diagram in Fig. 2. Evidently:

Vai — B, — {Za\ + Zc\)Ia\ — ZciIbi ,..

Vbi = E — ZciIai — {Zbi + Zc\)Ibi

where Va\ and Vbi are the positive sequence voltages to ground at the

two fault locations. Similar expressions can be obtained for Va2,

Vb2, Vao and Vbo, except for the fact the E is zero in these cases and

the impedances and currents are the negative and zero sequence

quantities. They are

:

Va2 = — {Za2 + Zc2)Ia'i ~ Zc^Ibt.

Vb2 = ~ Zc2^A2 — \,Zb2 + Zc2)Ib2

Vao = ~ {Zao ~\~ ZcojIaO — ZcolBO

Vbo = ~~ ZcoIao ~ \Zbo + Zco)Ibo

Solving (43) and (44) for the sequence currents the result is

:

(49)

(50)

IaO = ai^Aa + ^Ab + IAc)

Ia\ = l{lAa + alAh + o^Iac) (51)

Ia2 = \{lAa + a^lAb + alAc)

IBO = 'si^Ba + ^Bb + -^Bc)

IbI = K^Ba + alsb + o^Ibc) (52)

Ib2 = 1(1Ba + a^lBb + alBc)

Substituting the expressions for the sequence currents in (48), (49)

and (50) the result is:

Va1 = E - \{ZaX + Zci){lAa + alAb + O^Iac)

— lZci{lBa -\- aiBb + a^Isc)

Va2 = — KZa2 + Zc2)(lAa + O^/ylb + alAc) (c-l\

— \Zc2{lBa + a^Bb + alBc) ^ ^
Vao = — \{ZaO 4" Zco){.lAa + lAb + IAc)

— \Zco{lBa + iBb + IBe)
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VbI = E — \Zci{lAa + alAb + a?lAc)

— \{Zbi + Zci)(//ja + alBh -i-,a^lBc)

Vb2 = — \Zc2{lAa + a^lAh + aIAc)
— K^Bi + Zc2){lBa + a-hib + «//<,.;

Vbq = — ^Zco\lAa -\- lAb + Iac)

— 3(.ZbO + Zco){^Ba -\- IBb + IBe)

Substituting (53) and (54) in (46) and (47) the six original equations

in (1) are obtained.
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A Single Sideband Musa Receiving System for Commercial
Operation on Transatlantic Radio Telephone Circuits *

By F. A. POLKINGHORN

In the operation of short-wave radio telephone circuits selective

fading is observed which is a result of the combination at the

receiving antenna of waves which have arrived from the transmitter

over paths of different lengths. The poor quality resulting from
this fading may be mitigated by increasing the directivity of the

receiving antenna in the vertical plane so as to favor the waves
arriving at one angle to the exclusion of others. Friis and Feldman
have described an experimental system designed to accomplish this

end which they call a "Musa" receiving system. This system was
found under certain transmission conditions to give an improve-
ment in the grade of circuit which could be obtained. A com-
mercial installation of this type has now been constructed for use on
the single sideband circuits of the American Telephone and Tele-

graph Company from England. Two receivers have been provided

for the operation of four radio telephone circuits.

The antenna system consists of a row of sixteen rhombic antennas
two miles long, each antenna connected by a separate transmission

line to receivers located near the center of the row of antennas. In

each receiver the signals from the antennas are combined in the

proper phase to permit simultaneous reception from three ad-

justable vertical angles. The three signals are then added through
delay equalizing circuits or discretely selected on the basis of

amplitude to obtain diversity reception. A fourth branch of the

receiver has its vertical angle of reception continuously varying and
is used to set automatically the angles of reception of the three

diversity branches. The delay equalization is also automatically

adjusted. A recorder is provided which continuously registers the

relative carrier field strength with variation of vertical angle of

reception, and the amount of delay equalization.

Introduction

TN the operation of short-wave radio telephone circuits fading is

-*- observed which is caused by the combination at the receiving

antenna of waves which arrive at different vertical angles and which

have traveled from the transmitter over paths of different lengths.

This fading may be mitigated by increasing the directivity of the

receiving antenna in the vertical plane so as to favor the waves

arriving over one path to the exclusion of the others.^- ^ It is not

*Proc. I.R.E., April 1940.
' E. Bruce, "Developments in Short Wave Directive Antennas," Proc. I.R.E.,

Vol. 19, pp. 1406-1433, August 1931.
* E. Bruce and A. C. Beck, "Experiments with Directivity Steering for Fading

Reduction," Proc. I.R.E., Vol. 23, pp. 357-371, April 1935.
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possible, however, to increase this directivity to any great extent with

an ordinary antenna system before it is found that the signal arrives

outside the angular range of the antenna an appreciable part of the

time. To overcome this difficulty Friis and Feldman experimented

with a receiving system consisting of a number of antennas, each having

moderate directivity and each connected by a separate transmission

line to a receiver where the outputs are phased by a variable phase

shifting system in such a manner as to give a system of high, variable

directivity. A system of this kind, which they called a "musa"
system from the initial letters of "multiple unit steerable antenna,"

was built and found to give under most transmission conditions an

improvement in the grade of circuit which could be obtained.^ Accord-

ingly it was decided that a commercial system should be built for use

on the circuits of the American Telephone and Telegraph Company
from England. A corresponding system of modified design has been

built by the British General Post Office.^ The purpose of this paper

is to review a few of the principles upon which a musa receiver operates,

to describe the equipment which has been built in this country, and to

discuss some of its operating characteristics.

The transmissions which are to be received are of the so-called twin

single-sideband reduced-carrier type described by Oswald ^ and con-

sist of two sidebands, representing two distinct speech channels, on

opposite sides of a carrier which is 16 to 26 db below the maximum
sideband amplitude. Under normal conditions one of the sidebands

is adjacent to the carrier while the second is spaced by the width of

one sideband from the carrier. A single sideband receiver for this

type of transmission has been described by Roetken ® and many of

the features discussed by him were developed for use also in the musa
receivers. These features include highly stable oscillators, crystal

filters and automatic tuning circuits.

Outline Description of Receivers

A block schematic of one channel of the commercial musa system

is shown in Fig. 1. The sixteen rhombic antennas are placed in a line

two miles long in the direction of the English transmitting station.

* H. T. Friis and C. B. Feldman, "A Multiple Unit Steerable Antenna for Short-
Wave Reception," Proc. I.R.E., Vol. 25, pp. 841-917, July 1937 ; B.S.T.J., Vol. XVI,
No. 3, pp. 337-419, July 1937.

* A. J. Gill, Wireless Section, Chairman's Address, Jour. I.E.E., Vol. 84, No. 506,

pp. 248-260, February 1939.
^ A. A. Oswald, "A Short-Wave Single Sideband Radio Telephone System," Proc

I.R.E., Vol. 26, No. 12, pp. 1431-54, December 1938.
* A. A. Roetken, "A Single Sideband Receiver for Short-Wave Telephone Service,"

Froc. I.R.E., Vol. 26, No. 12, pp. 1455-65, December 1938.
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Separate transmission lines lead from each antenna to a building

placed a little to one side of the rear of the ninth antenna. Two
receivers, only one of which is shown in the figure, are connected in

parallel to each transmission line. Each receiver is designed to receive

five specific frequencies, ranging from 4,810 kc. to 18,620 kc, assigned

to the corresponding transmitter in England.

After passing through selective input circuits the signals from each

antenna are demodulated by a common oscillator to a band adjacent

to a carrier frequency of 2,900 kc. The signals, after going through

two stages of intermediate frequency amplification are then applied

to the inputs of four phase shifter systems in parallel. In each of

these phase shifter systems the signals from the sixteen antennas are

combined so as to give reception from a particular vertical angle.

This angle can be varied by a mechanical movement of a phase shifter

drive shaft. Three of the phase shifter system outputs are used for a

three-branch angular-diversity system in which the signals arriving

over three separate paths are separately received and then either

combined or individually selected for connection to the line, while the

fourth branch is used for monitoring to determine where the phase

shifters of the three diversity branches should be set in order to

receive the best signals. From each phase shifter group the circuit

continues through the first intermediate frequency filter and two
further stages of amplification to the second demodulator where the

2,900 kc. carrier frequency is shifted to 100 kc. The carriers and
sidebands of each diversity branch are then amplified separately and
again combined in the final demodulators to give three distinct voice

frequency outputs for each sideband. These three outputs are either

combined after inserting variable delay in two of the branches or,

optionally, the branch having the greatest signal at any instant is

connected to the line. Both of these operations are performed

automatically. The output of the monitoring phase shifter group is

also heterodyned to 100 kc. and after amplifying the carrier only it is

rectified and applied to an automatic system for adjusting the phase

shifters of the three diversity branches.

A general view of the receivers is shown in Fig. 2. The principal

parts of the two musa receivers occupy three rows of bays each about

25 feet long and 11| feet high. The row shown on the right contains

the input circuits and first demodulators for both receivers. The
middle row contains the remaining equipment for one receiver and
the left row that for the second receiver. In addition there are five

bays of rectifiers and power control equipment located in a fourth row
which is not shcnvn.



310 BELL SYSTEM TECHNICAL JOURNAL

Fig. 2—View of musa receivers.

General

When waves arriving over several paths from the same transmitter

are demodulated in a simple receiver the severity of the resultant

selective fading is dependent upon the relative amplitudes at the

demodulator of the several path contributions, the differences in the

times of transmission over the several paths, and the rates at which

tlie path lengths are varying.^ When the difference in the time of

^ R. K. Potter, "Transmission Characteristics of a Short-Wave Telephone Cir-

cuit," Proc. I.R.E., Vol. 18, No. 4, pp. 581-648, April 1930.
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transmission over two paths is t there are alternate maxima and minima

in the frequency spectrum caused by these two components which are

separated by 1/2/. Continuous small changes in the lengths of the

paths cause these maxima and minima to wander back and forth

through the spectrum. By separating the waves arriving at distinctly

different angles the musa receiver succeeds, for the most part, in

separating those waves which have greatly different transmission

times and thus widens the frequency interval between a maximum and

an adjacent minimum. As the interval increases the fading appears

less selective. The signal appearing to arrive at any one angle,

however, is in reality composed of a bundle of waves, the components

of which have traveled over slightly different paths and which might

be expected to be nearly alike in amplitude and transmission time but

not in phase. As a consequence it is to be expected that the general

fading on a single-angle musa receiver will be greater than on an

ordinary receiver and it is essential that some form of diversity be

used to insure a satisfactory output amplitude at all times. Sudden

shifts in the received angle of signals will also give general fading which

will be greater the greater the angular discrimination of the musa
system.

A musa receiver differs from an ordinary receiver in that there are

a number of separate antenna branches, the outputs of which must

be added in the proper phase over an appreciable band of frequencies.

When delay equalization is used between the various diversity

branches, these branches must also have equal phase shifts if the

audio-frequency outputs are to add properly. In both antenna and

diversity branches the problem of keeping equal phase shifts is com-

plicated by the action of the automatic volume control system which

changes the operating condition of the vacuum tubes over a wide range.

In designing these receivers a nominal overall value of non-uniformity

of ±10° was taken as acceptable and an effort made to keep the

phase uniformity of individual elements to within one or two degrees

wherever possible.

Within the receiving station all radio-frequency wiring is made
with a flexible coaxial cable having rubber insulation. The various

panels composing the receivers are placed on the racks with a view

to operation and maintenance rather than ease of wiring and conse-

quently long leads between panels are frequently necessary. For this

purpose the circuit impedance is dropped to 70 ohms and at a number
of points brought out to jack panels to facilitate testing.

Coaxial jacks are used which fit into the usual jack strips. Nor-

malling jacks are not available and consequently it is necessary to
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have plugs in jacks during operation. In order to avoid cords, which

would be in the way, the jacks to be connected regularly are mounted
adjacent to each other and connected together by two plugs mounted
in a shell similar to that commonly used for terminating resistances.

Alternating current for cathode heating is supplied to conduit outlets

near each panel. Flexible cords with plugs complete the circuit to the

panels. All audio frequency, bias, and signal wiring is made into

cables in the usual telephone manner. Wires having a potential of

over 150 volts to ground are placed in conduit and safety switches are

provided to remove the voltage from a panel when the panel cover is

removed.

Antenna System

The degree of vertical resolution and the signal-to-noise improve-

ment of a musa antenna system are functions of the overall length

and number of unit rhombic antennas used. The decision to build a

sixteen-antenna system was based on experience with the six-antenna

system and took into consideration the land necessary, the cost of

antennas and transmission lines, and the complexity of the receiving

equipment, as well as the resolution which it would be practical to

use and still have it possible for the operator or automatic equipment

to follow changes in the direction of signal arrival.

When the spacing between unit antennas of a musa system is

several wave-lengths there will be more than one vertical angle at

which the phase shifters will simultaneously phase the antenna outputs.

The spacing between antennas is so chosen that the range traversed by

the lowest of these angles will be the range covered by useful signals.

Fortunately the angle of useful signals varies with frequency in such a

manner as to permit a variation in frequency over the range desired

with a fixed spacing. The unit rhombic antenna is designed to have a

null at the position of the second phasing maximum and reception is

thus confined essentially to the lowest phasing maximum.
Extensive study did not disclose a better unit rhombic antenna than

the one used in the experimental system and consequently an antenna

590 feet (180 meters) long, 60 feet high, and having each side angle

equal to 140 degrees was used. The spacing is 656 feet (200 meters)

between corresponding parts of adjacent antennas.

A representative directive diagram of a unit rhombic and the

16-unit array in a vertical plane in the line of the antennas is shown

plotted in rectangular coordinates in Fig. 3. A polar diagram of the

major lobe in three different positions, corresponding to three possible

angles of diversity reception, is shown on Fig. 4a. In this figure the
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dotted outline is the diagram of the unit rhombic antenna character-

istic enlarged 16 times. The complete diagram is of course a solid.

Figure 46 is an attempt to show how the middle lobe of Fig. 4a looks

when viewed from the ground plane at a horizontal angle of 45° from

the line of the antennas. The contour lines on this leaf-shaped figure

are lines of equal reception. All of these diagrams are for a frequency

of 4,700 kc, near the low end of the range of received signals. At
higher frequencies the lobes will be more slender and the angle of

maximum reception will be lower. Fortunately the latter corresponds

to the trend of the received signals.

When the outputs of several antennas are connected to a receiver

and added in the proper phase the total signal can be made equal to

Fig. 4—Polar diagrams of musa antenna system, (a) Showing three possible

locations of the major lobe, {b) Solid polar diagram of middle lobe shown in (a).

the sum of the signal voltages. The set noise, however, adds at

random phase with the result that there is an improvement in signal-

to-noise ratio over a single antenna equal to the square-root of the

number of antennas, or 10 logio n in decibels. The theoretical im-

provement of a 16-antenna system is, therefore, 12 decibels. On the

assumption that received noise comes from a random direction with

respect to the signal a similar result is obtained. At a particular time,

however, the principal noise may be arriving from such a direction as

to allow of no discrimination by the antenna system, or at another

time to allow much more than 12 db discrimination.

The received signal in an antenna is a result of both the direct wave,

arriving from some angle above the horizon, and the same wave front
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reflected from the ground at a point ahead of the antenna. If the

phase of the induced voltage is to progress uniformly from antenna to

antenna it is essential that the ground be homogeneous and flat. For

this and other reasons a flat marsh near Manahawkin, N. J. was

chosen for the station site. The ground is level to within less than one

foot, except where there are inlets, for the entire length of the antenna

and for a considerable distance ahead.

As shown in Fig. 3, in addition to the major lobe caused by the

phasing factor there are fourteen minor lobes. The amplitude of

the first three starting from a major lobe are approximately 2/3t, 2/57r,

2/7x of the major lobe. However, when the major lobe is at a very

low or very high angle it is greatly reduced in amplitude by the unit

antenna directional characteristic while the adjacent minor lobes on

one side may not be reduced to any such extent. Consequently the

ratio of the amplitude of the major to minor lobes may be much less

than the values given and signals from two or more angles might be

received simultaneously with comparable amplitude on the same

diversity branch and so defeat the purpose of the system.

It has been shown by John Stone Stone and others that if the

amplitudes of the currents contributed by the various units of the

antenna system are tapered in such a manner that the central units

contribute more than the end units a reduction in the amplitude of

the minor lobes can be obtained. However, this is accompanied by a

widening of the major lobe and a reduction in the signal-to-noise im-

provement obtained. For antenna systems having only a few units

there appears to be a net advantage in tapering but for the sixteen-

unit system under discussion a large amount of tapering broadens the

major lobe so that it extends over the normal first and possibly second

minor lobes. Since the remaining lobes are already of a low enough

amplitude to be comparable with those which might be produced by
inescapable errors in phase and amplitude of the various unit con-

tributions, there appears to be no particular advantage in much taper-

ing in this system. Provision has, however, been made to obtain

tapering should it ever be found desirable. Under normal conditions

all antenna branch amplifiers are operated at the same gain so as to

use only the small tapering caused by the losses in transmission lines.

The antennas are coupled to the transmission lines through metallic

core transformers which pass a band from 4,000 kc. to over 20,000 kc.

with a loss of less than 1 db. The transformers are equipped with

lightning arrestors and arranged so that the total d.c. loop-resistance

of the transmission line, antenna, transformer, and antenna termi-

nating resistance can be checked from the station.
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The transmission lines from the antennas to the receiver are of the

coaxial type made of copper tubing \\" in inside diameter surrounding

a central conductor of |" outside diameter. Ceramic insulators \"

thick are spaced every 16" and a locking insulator is placed every 250

feet to prevent creeping of the inside pipe. The velocity of propaga-

tion of the line is 0.980 of that in space. The attenuation amounts to

about 1 db per 1,000 feet at 20 megacycles.

The lines are buried to protect them from mechanical injury and

to prevent phase errors due to differences in expansion. Bacterial

growth in the marsh makes the soil extremely corrosive and it was

necessary to protect the lines by coatings of tar and asbestos tape.

The lines are kept under gas pressure at all times.

In a musa receiving system a saving of nearly one half of the trans-

mission line can be made if the receiving equipment is located at the

center of the antenna system rather than at one end. Furthermore,

since the average length of transmission line will be cut in half, the

diameter of the coaxial transmission line also could be cut in half and

still maintain the same signal loss. The economic, and to a lesser

extent the locational, advantages of the center position were so great

that the equipment was so placed in spite of certain technical dis-

advantages.

Theory of Phase Shifter System with Center
Location of Receivers

At this point some of the theory of the musa phase shifting system

will be reviewed and extension made to cover the situation of the

receiver being located near the middle of the antenna system.

Fig. 5—Diagram of wave front approaching antenna.

Assume a plane wave front progressing toward the earth from the

Kennelly-Heaviside layer at an angle 6 with respect to the horizon

and impinging upon the receiving antennas indicated as points 7, 8, 9,

10, 11, etc. (Fig. 5). Let the receiving station be located at antenna 9.

Let the time of arrival at the receiving station of the voltages induced



A SINGLE SIDEBAND MUSA RECEIVING SYSTEM 317

in the various antennas by this wave front be computed with respect

to that of antenna 9. The wave front will arrive at antenna 9 at

a time - {d cos b) later than at antenna 8. The voltage from antenna 8

will require a time - to reach the receiving station over the transmission

line, making the net time delay between the two outputs equal to

/9-s = ^
(
^
- ^ cos 5

) , (1)

where d is the horizontal distance between antennas

c is the velocity of transmission in space

V is the velocity of transmission in the transmission line

Similarly the difference in time of arrival of the voltages from

antennas 9 and 7 will be:

/9_7 = 2^
(
^
-

-^ COS 5
j

. (2)

The voltages from all three antennas could be made to add in phase

if a delay of

u[\-\cosi) (3)

were added to the output from antenna 9, and half as much to the

output of antenna 8. For a greater number of antennas these delays

would have to be correspondingly increased.

Now consider the outputs of antenna 9, and those antennas which

lie behind it. It will immediately be seen that the time between the

arrival of the voltage caused by the wave front at antenna 9 and
antenna 10 will be the sum of the times of transmission of the wave
front from 9 to 10 in space and on the transmission line back from 10

to 9, which is similar to equation (1) except that the sign between the

space and transmission line components is reversed. Similarly the

equation for the delay between the outputs of antennas 9 and 11 is

similar to that between 7 and 9 with the same sign reversed, and like-

wise with the other antennas.

Considering either the group of antennas ahead of the station or

the group of antennas behind the station, and considering antenna 9

as a part of whichever group is being considered, it will be seen that

the delay compensation which it is necessary to insert in the various

antenna outputs to make the signal voltages add up in phase at the re-
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ceiving station Is always an integral multiple of either:

d[\-\cosl) (4)

or

so that for either the front or the rear group the delay compensation

could be adjusted by means of a single shaft geared to various indi-

vidual delay compensators through gears having integral ratios.

Practically, the difficulty in building continuously variable delay

circuits resulted in the use of continuously variable phase shifters.

For any particular delay t there is a corresponding phase shift —r—
A

radians. Since this phase shift is a function of frequency, for a given

phase shifter setting the frequencies in a wide band transmission will

not all be in phase. The substitution of phase shifters for delay

compensating circuits therefore results in a restriction of the band of

simultaneous reception from a given angle. For the group of antennas

ahead of the station the band restriction is small, since the space and
transmission line paths give a partial delay compensation. For the

antennas behind the station the net delay difference between antennas

is large and the band Is restricted to a much greater extent.

When using phase shifters It is possible to get minus as well as plus

values of phase shift. This makes it possible to reverse the order in

which delay compensation was assumed to be added in the above

discussion so that no phase compensation is added to antenna 9, one

negative unit is added to antenna 8, two to antenna 7, etc. In the

equipment herein described the phase shifters were so designed.

Assume that the phase shifters of the front group are all set alike

and then changed so as to receive from an angle 8. There will have

been Introduced a change of phase of

lircd / 1 1 \
=— (---COS6J (6)

between each of the antenna outputs.

Similarly If the phase shifters of the rear group were initially set

alike, and similar to the initial condition of the front group, and then

changed to receive from an angle 5 the change of phase which would

be required would be

lircd / 1 , 1 \ ,„,- + - cos 5 . (7)
V c
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The negative sign ahead of this equation takes account of the fact

that an increase in the angle 5 requires that more phase will have to

be taken from line 8 while less phase will have to be subtracted from 10.

It will be noted that for a given change in 5, however, the amount
of change of phase is the same absolute amount for the two groups.

This indicates that it should be possible to connect the front and rear

groups of phase shifters together and drive them as a single unit.

To do this it will be necessary to connect the shafts together after

they have been moved from their initial position by the amounts
given in the above equations. The difiference in phase is

It will be noted that for a given installation this value is dependent

upon the received frequency and will have to be changed when the

received frequency is changed.

In the receivers herein described the phase shifters connected to

antenna 9 are not driven. The phase shifters connected to antennas 1

to 8 are driven at ratios of 8 : 1, 7 : 1, 6 : 1, 5 : 1, 4 : 1, 3 : 1, 2 : 1

and 1 : 1 respectively. The phase shifters of antennas 10 to 16 are

driven in the opposite direction at ratios of 1:1, 2:1, 3:1, 4:1,
5:1,6:1, and 7 : 1 respectively. A differential gear mechanism is

inserted between the two groups. Changing the position of the ring

gear of the differential permits a mechanical shift equivalent to the

phase shift given in equation (8) to be inserted between the two
groups. This change may be made while the drive shafts are in

motion. The ring gear drives of the differentials of the four groups

of phase shifters are all connected by a common adjustment shaft so

as to insure that the monitoring branch does not give a false indication

of receiver performance by being set differently than the diversity

branches.

A front view of the phase shifting system is shown on the left of

Fig. 6. The vertical shafts drive the individual phase shifting con-

densers through spiral gears, of which there are eight inside each of

,
the lower cast boxes and seven inside each of the upper cast boxes.

The horizontal shafts connect to the cam switches used with the auto-

matic adjustment feature. A rear view showing a few of the individual

phase shifting condensers is given in Fig. 7. Each phase shifting

condenser consists of four quadrantal stators each consisting of two
plates between which revolves an eccentric circular plate. The rotor

plates of the condensers in a horizontal row (see Figs. 1 and 7) are
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connected in parallel through the demountable brushes, and a wire
which is behind the brush support, to the output of one of the antenna
branch amplifiers. The corresponding stator plates of the condensers
in a vertical row are connected together with coaxial wiring and to
the four terminals of an artificial quarter-wave transmission line, which

Fig. 6—View of second row of bays showing phase shifter drive system (left).
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Fig. 7— Fortiori of a group of phase shifting condensers. Brush and cover removed
from center condenser to show construction.

in turn is connected to the output amplifier. The quarter-wave line

forms a combining network for the contributions of the various phase

shifters. The two groups of eight phase shifters forming one diversity

branch are each treated as units so as to facilitate isolating one group

in case of trouble or the necessity of reducing the resolution of the

antenna system.
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There are two opportunities for undesirable interchanges of power
in the parallel phase shifter system; there can be an interchange be-

tween antenna branches through condensers in the same diversity

group, and an interchange between diversity branches through con-

densers in the same antenna branch. Both of these can be reduced

to the required values by a proper proportioning of input and output

impedances with respect to the condenser reactance. This results in

a large loss, about 40 db, through the phase shifting system.

Input Circuits and First Demodulators

Obtaining uniformity of phase shift in the circuits preceding the

first detectors is facilitated by reducing the number of circuit elements

and selectivity to a minimum. No high-frequency amplification is

used for this reason. The selectivity required to avoid image reception

is materially lowered by the choice of a high operating frequency for

the first intermediate frequency amplifiers. In addition to the usual

requirement of high selectivity and high voltage transformation ratio,

the input circuits must have uniformity in gain and phase, and must
properly terminate the transmission lines so that multiple reflections

will not shift the effective input amplitude or phase.

These factors seemed to preclude use of the usual variable tuned

circuits on account of the time required to change from one frequency

to another, and consequently fixed tuned circuits were used. Five

input circuits are mounted on a panel and the switches for changing

the input and output circuits of the two panels of each receiver which

are mounted on a single bay are ganged. Each input circuit consists

of two anti-resonant circuits capacity-coupled to each other and to

the transmission line. It operates into the grids of the two first

demodulator tubes which are paralleled. The first beating oscillator

input is applied in push-pull between the cathodes of the tubes.

Oscillators and Automatic Tuning System

Three highly stable oscillators are used in the receivers, one for

beating the signal frequency down to 2,900 kc, the second for beating

it down further to 100 kc, and the third for use as a reference frequency

for the automatic tuning system, or it may be used in the final de-

modulator when the automatic branch selector is used.

The first beating oscillator is of the coil-and-condenser type and

covers the range from 7,000 kc. to 17,000 kc. Automatic tuning is

used to compensate for long-time variations in its frequency, as well

as any variations in the transmitter frequency, but every effort has

been made to keep short-time variations to a minimum. The oscil-
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lator is contained in a cast box mounted on rubber supports. The
inductance coils have an extremely low temperature coefficient and

are mounted on cast supports for rigidity. The condenser is also of

rigid construction. A variation in plate voltage of one volt gives a

frequency variation of about 6 cycles at 18,000 kc.

A buffer amplifier connects between this oscillator and a push-pull

power amplifier which delivers ten watts of output. This output is

delivered to a transformer located on the center bay of the row of

first demodulator bays. Coaxial cables of equal length distribute it

to the first demodulators on the adjacent bays. A vacuum tube

voltmeter connected across this transformer gives an alarm if the

voltage fails.

In the automatic tuning system the incoming carrier at approxi-

mately 100 kc. is beaten with the local 100 kc. oscillator. The phase

of the beat frequency is then split and the resultant two-phase output

applied to a motor which drives a condenser in the first beating oscil-

lator circuit until the beat frequency is reduced to zero. In order to

avoid interruption of control due to fading, all three diversity branch

carriers are simultaneously connected to the circuit.

The second beating oscillator operates at 3,000 kc. and is a standard

broadcast oscillator which has been slightly modified.

The 100 kc. oscillator is required to have the same frequency as

the center of the pass band of the carrier filters. Since these are only

40 cycles wide both filters and oscillators are made with low tempera-

ture coefficient crystals. The oscillator is of the bridge type described

by Meacham ^ but without temperature control.

Automatic Volume Control and Final Demodulators

Only the carrier is rectified for automatic volume control purposes.

In the 100 kc. amplifiers where the carrier and sideband are amplified

separately, separate automatic volume control circuits are used.

The time-constant of the carrier amplifier control is made 0.1 second,

which is as fast as is practical with the narrow carrier filter used, and

the time-constant of the sideband volume control is made variable but

is generally set at a value of 1 second.

With the common automatic volume control used with diversity

receivers the rectifiers are so connected as to give outputs which vary

according to the square or first power of the branch input. The sum
of the rectifier outputs is held substantially constant. If the combined

signal output is also to be held constant, the final demodulators of the

«L. A. Meacham, "The Bridge-Stabilized Oscillator," Proc. I.R.E., Vol. 26, No.
10, p. 1278, October 1938; B.S.T.J., Vol. XVII, No. 4, p. 574, October 1938.
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branch circuits must follow the same law, i.e., if Hnear rectifiers are

used, the final demodulators should be linear, and if square-law recti-

fiers are used, the final demodulators should be square-law. When
linear demodulators are used the output noise is independent of the

strength of the incoming carrier and since the gains of all branch

amplifiers are the same the noise output of each branch will be the

same, assuming that received noise does not vary with the vertical

angle of reception. As a consequence the total noise will be equal to

the product of a single branch noise and the number of branches

regardless of the signal contributions of each branch. If square-law

detectors are used, however, the noise output of a branch will go down
when the carrier in the final demodulator of that branch goes down
and consequently the total noise will be proportional to the total

signal. In a three-branch diversity system a theoretical improvement
in signal-to-noise ratio varying up to 4.77 db can be had by using

square-law demodulators rather than linear. For this and other

reasons square-law final demodulators have been used in this

equipment.

When delay equalization is used between the various diversity

branches it is essential that the received carrier be used in the final

demodulation process. Small changes in the lengths of the paths in

space traversed by the sidebands being received by the various

diversity branches make the phases at random and if all branches

were demodulated by a common carrier the audio outputs would not

add in phase. By using the carrier arriving over each path for the

demodulation of the accompanying sideband the random relation

disappears and the audio outputs can be added in phase.

When using an automatic branch selector which discretely chooses

one branch at a time for connection to the line it is no longer necessary

to consider phases in the diversity branches and a local carrier is used

because it reduces output amplitude variations. With only one

diversity branch connected to the output, only the corresponding

volume control rectifier should be contributing to the automatic

volume control voltage if the output volume is to be held as constant

as possible. This result is obtained by putting a rectifier in the d.c.

output lead of each branch volume control rectifier so that only the

volume control rectifier having the highest amplitude will supply

current to the load resistance.

Delay Circuits and Switches

On account of the fact that waves arriving at different vertical

angles have taken different times in transit it is necessary to insert
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delay compensation in two of the three diversity branches when they

are all connected to the output at once so that the audio outputs will

add in phase. The branch receiving the waves at the highest angle,

which are always the waves which have traversed the greatest distance,

does not contain a delay circuit. The other two branches contain

variable delay circuits having a maximum of 2,768 microseconds delay

in steps of 31 microseconds. The band covered by the delay circuits

is 6,000 cycles, the same as the width of the filter in the last inter-

mediate frequency amplifier. The delay steps were made small

enough so that it would be technically possible to phase properly over

the entire band within less than a quarter cycle provided that the

phase distortions of the transmission path, and the other parts of the

receiver made it practical to do so.

The delay circuits each consist of 8 units having a delay of 31

microseconds and 9 units having a delay of 280 microseconds. Hand
operated switches are provided to vary the delay in the usual decade

switch manner. A motor driven switch is also provided which is

arranged with two shafts connected by an intermittent movement so

that when the eight small units of delay have been added a continued

movement of the shaft removes these units from the circuit and

simultaneously connects one of the large units, which is equivalent to

nine small units. Further movement in the same direction successively

adds in the smaller units again.

Automatic Delay Adjusting Circuits

A block schematic of the automatic delay adjusting apparatus as

well as the automatic angle adjusting and recording equipment is

shown in Fig. 8.

The proper delay compensation to phase the output of two diversity

branches can be determined by connecting the outputs of the two

branches to the two pairs of plates of a cathode ray oscilloscope and

varying the delay in the lower angle path until a straight line pattern

is obtained on the oscilloscope screen. This adjustment is facilitated

by the restriction of the band in each branch at the oscilloscope to

about an octave. If only a single frequency were used for this adjust-

ment several positions of the delay adjustment might be found to

give a straight line on the oscilloscope, the number of positions depend-

ing upon the frequency. In order that there may be only one position

when the maximum delay is 2,768 microseconds the phase shift caused

by this delay must be less than 180°, and consequently the frequency

of operation must be less than 180 cycles. Where a band of frequencies

a few hundred cycles wide is used, however, this difficulty is not
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encountered and there is only one adjustment of the delay which

gives a straight line on the oscilloscope.

With the cathode ray oscilloscope there is no indication as to whether

the delay in the circuit is too small or too great, but only that it is

either correct or incorrect. A direct indication of whether the delay

should be increased or decreased can be obtained by connecting one

diversity branch to the push-pull input of a balanced modulator and

another diversity branch to the parallel input of the same modulator,

after having shifted the phase between the two branches by 90°.

When the two receiver branch outputs are in the same phase the two

modulator input voltages will add in quadrature and the currents in

the plate circuits of the two modulators will be the same, but when
the phases are not the same the current in one plate circuit will be

greater and the other less than in the in-phase case, the sense of the

unbalance depending upon whether too little or too much delay is in

the circuit. A center-zero meter in a bridge connection in the plate

circuits therefore can be made to indicate the sense of the necessary

correction. By substituting a voltmeter relay for the indicating meter

a motor drive of the variable delay circuit can be operated in such a

manner as to adjust the delay to the correct value.

This automatic equipment must operate satisfactorily with circuits

having types of privacy in which the energy bearing components of

speech are shifted from their normal position in the frequency

spectrum. The equipment is made, therefore, to operate on a band

of frequencies from 250 to 750 cycles. Volume limiters are provided

which keep the input to the automatic equipment from this band sub-

stantially constant. If the delay is never incorrect by more than

1,000 microseconds, which has been found to be true under all con-

ditions of normal operation, the automatic equipment will bring it

to the correct value. For greater errors the equipment tries to set

the delay at values about 2,000 microseconds higher or lower than the

correct value.

Since the delay adjustment operates on speech, the relay operation

will be intermittent at a syllabic rate and the motor drive relay system

must incorporate a suitable hangover circuit to keep the motor opera-

tion as constant as possible when the delay is far from the proper

value, and still not cause an over-run when the proper adjustment is

reached. Freedom from over-run caused by motor inertia is obtained

by using a motor having a multiple-pole permanent magnet armature

with a speed of 75 r.p.m., which under no load will brake itself in

about twenty degrees of armature travel.
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Automatic Branch Selector

As an alternative to the combination of the outputs of the diversity

branches after delay equalization it is possible to use a system which
discretely chooses one branch for connection to the line. Equipment
to do this has been provided.

The common automatic volume control which is used with both
systems operates on the carrier and if the carrier and sideband fade

alike the output volume is held substantially constant. To the

extent that the received noise on the various branches is the same,

the branch having the highest output volume will be the most desirable

to use. In the equipment used part of the audio output of each of the

three diversity branches is rectified and applied differentially to three

polar relays in such a manner that the relay corresponding to the

branch having the highest amplitude is operated. This relay reduces

the bias of an amplifier which connects between that branch and the

output line from a high to a normal value, and thus permits voice

frequency signals to flow through that branch to the output. The
noticeable effects of switching are eliminated by several expedients.

Push-pull amplifiers with feedback are used so as to balance out the

low-frequency thump. The variation of biasing takes place with a

time-constant of 0.01 seconds in order to aid in this matter as well

as to render unnoticeable the instantaneous differences in the two
channels. A biasing winding on each relay insures that once a contact

is broken the relay moves to the opposite contact in a fixed time,

which permits the selection of time-constants for the suppression and
build-up which are as nearly complementary as possible, and so keeps

the volume constant.

A difference in volume of 1 to 2 db is required to cause a switch.

During the switching period, which lasts about 20 milliseconds, the

output varies about ± 1 db. When no speech is being transmitted

the relays remain inoperative and consequently the line may not be

connected to the branch which at the next instant may deliver the

highest volume. It might be expected that clipping of the succeeding

initial syllable would be intolerable. To reduce selective fading to

an unnoticeable amount it is only necessary to suppress the unwanted
branches by 12 to 15 db. With the equipment adjusted to give this

suppression it is found that there is always sufificient signal transmitted

through one or more of the branches to practically eliminate noticeable

clipping.

The use of the automatic branch selector has the disadvantage

that the effect of having more than one diversity branch contribute
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to the output at any one time is lost. This is estimated to be equiva-

lent to not more than an increase of one decibel of transmitted power.

To offset this there must be considered the possibility of the delay

being out of adjustment for brief periods when changes in angle require

sudden changes in delay equalization. The necessity for close phase

uniformity between the various carrier and sideband amplifiers over

a wide range of automatic volume control voltage is also eliminated

when the automatic branch selector is used. Further, it is no longer

necessary to use the received carriers for demodulation of the various

branch outputs and a locally generated carrier of uniform amplitude

can be used with a resultant increased stability of output volume.

The practicability of trying to phase branch outputs by delay equaliza-

tion over a range of more than 3,000 cycles from the carrier has not

been demonstrated and consequently the use of automatic branch

selection with the channel whose sideband is spaced by one sideband

width from the carrier is to be recommended. The use of the branch

selector also permits simpler operation of the automatic angle ad-

justing equipment as will be explained later. For all of these reasons

it is to be expected that the automatic branch selector may eventually

be used to the exclusion of the delay compensating equipment.

Automatic Angle Adjusting Equipment

In the experimental musa receiver the rectified carrier output of

the monitoring branch was connected to one set of deflection plates of

a cathode ray oscilloscope and a sweep circuit mounted on the monitor-

ing phase shifter shaft connected to the other set of deflection plates.

The oscilloscope screen displayed a graph of the amplitude of signal

received for each phase shifter setting. The pattern frequently

changed rapidly from moment to moment so that only by constantly

observing the screen was it possible to determine at what phase shifter

settings the best signals were being received and to set the diversity

phase shifters accordingly.

The attention necessary to operate satisfactorily the equipment in

this manner was believed to be too great for commercial operation,

particularly since it might vary widely from hour to hour. With a

mind to the fact that improper adjustment might give poorer reception

than would be obtained with ordinary receivers it was decided to make
the settings of the phase shifters of the diversity branches automatic.

In Fig. 8 the motors A, B, C and D drive the phase shifters of the

corresponding branches through the vertical shafts. Motor D
operates continuously so as to vary the phase shifting system through

its complete range once a second, while motors A, B and C operate
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only when a change in the angle of reception is required. Connected

to the vertical drive shafts by the horizontal shafts are the three

diversity cam switches and the monitoring cam switch.

The incoming carrier in the monitoring branch D is amplified in

such a manner as to keep the average peak amplitude constant. It is

then rectified, and applied to the vertical deflection plates of a cathode

ray oscilloscope in the same manner as in the experimental equipment,

the monitoring cam switch being provided with a set of contacts and
resistances which act as a sweep circuit for the horizontal plates of the

oscilloscope.

The rectified signal from the monitoring rectifier is also connected

through the auxiliary cam switch, the monitoring cam switch, a high

resistance, and the range setters, to three separate banks of condensers,

each consisting of 44 four-microfarad condensers. The condensers in

each bank are connected successively to the rectifier circuit once each

second for a short period by the cam switch so that each is charged

at a rate depending upon the amplitude of the received signal for a

particular phase shifter position. A vacuum tube voltmeter is con-

nected successively across each condenser of a bank. When one

condenser becomes charged to one-half volt or more during the

preceding second the vacuum tube voltmeter operates a relay. With
the Branch A, B, and C voltmeters this results in a relay corresponding

to that particular condenser being locked up and all the condensers in

that particular bank being discharged. The operation of the second

relay causes the motor of the corresponding diversity branch to start

and turn in the right direction so that the branch phase shifters are

adjusted with the least movement to the position corresponding to

the relay, at which point a contact in the diversity cam switch trips

the relay and stops the motion.

If no further control were provided all the diversity branch circuits

would be set in the same position and consequently no diversity action

would be obtained. To prevent this the range setters, A, B, and C,

have been provided which are operated manually to limit the angular

range of operation of each diversity branch. These switches merely

short-circuit the condensers of a particular branch in the range which

it is not desired to use. Since the short-circuited condensers do not

acquire a charge the automatic adjusting equipment will never move
the phase shifters to a position corresponding to a short-circuited

condenser in that particular branch.

In setting the range switches when using delay equalization it is

necessary to know what the condenser position is which corresponds

to the highest angle which it is possible to receive at the particular
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frequency being used. The short circuit will then be removed from

this condenser and from the condensers representing successively lower

angles in Branch A until it seems probable from the recorder or cathode

ray oscilloscope pattern that a good signal will be received in that

branch. The remaining condensers in that branch are left short-

circuited. The short-circuits are then removed in a like manner

from part of the remaining range for Branch B and in the remainder

of the range for Branch C, the best division line being determined

from the cathode ray oscilloscope or recorder pattern. This procedure

is necessary inasmuch as branch A is used for a reference in adjusting

the audio frequency delay compensation and must always have a

satisfactory signal if that equipment is to operate.

When using the automatic branch selector other settings of the

range switches are possible. One arrangement is to allow one branch

to stop on even numbered contacts for a part of the range and another

branch to stop on the remainder of the even numbered contacts.

The third branch may then stop on any odd numbered contact. This

permits two diversity branches to be set in the range of maximum
signal. A difference of one contact has been found sufficient to give

satisfactory diversity action in most cases and the recorder pattern

always shows that the signal is more than one contact wide. The
third branch is free to follow a signal in another part of the range,

which may grow to be the strongest at any moment.

In order to improve the accuracy of this equipment and reduce the

maintenance of the monitoring cam switch an auxiliary high speed

cam switch is used which operates 44 times faster than the main switch,

closes just after each contact of the monitoring switch, and opens just

before each contact opens. The charging time for all condensers in

a given bank is thus determined by the same cam and set of contacts.

To prevent over-running on the diversity branches from mechanical

inertia a special motor is used. This motor is similar to the one used

for automatic delay adjusting equipment.

At times there may be only one angle at which a satisfactory signal

may be arriving. It is possible to get diversity action at these times

by setting the diversity branches on opposite sides of the average

angle of best reception. Provision is made for doing this with the

automatic equipment by allowing one bank of condensers and one

voltmeter relay to control all three diversity branches and then

mechanically off-setting the phase shifters of two branches by means
of adjustable couplings in the diversity cam switch drives.

It will be seen that to obtain accurate operation of the automatic

angle adjusting equipment it is necessary that the charging voltage
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should be large as compared with the final voltage on any condenser

and that the final voltage must be the sum of a number of charges.

The time necessary for a condenser to reach the final voltage can be

varied from 8 to 45 seconds or longer and successive movements of a

diversity branch phase shifter drive will not be oftener than this.

Once the motor has started, however, it will move the phase shifter

shaft through an angle of 180°, the maximum which would ever be

necessary, in 6 seconds.

Recorder

In order properly to set the phase shifters manually or to set the

range adjusters of the automatic angle adjusting equipment it is

necessary to know the phase shifter positions corresponding to the

angles at which signals are arriving. The angle monitoring cathode

ray oscilloscope shows how the signal amplitude vs. phase shifter

position varies from second to second. By using a retentive screen

on the oscilloscope it is possible to see the traces for the previous few

seconds at the same time as the most recent trace. The traces,

however, normally vary appreciably in position of maximum amplitude

and it is somewhat difficult to form an opinion from looking at the

oscilloscope as to just where to set the diversity branches. By in-

tegrating the value of received signal over a number of seconds a

better conception can be obtained.

In addition to the cathode ray oscilloscope it also seemed desirable

to have a record available to the operator of the variation of signal

intensity with phase shifter position as it changes from minute to

minute so that he would not continuously have to observe the oscillo-

scope to determine whether the range adjusting switches were set

properly. This required one more variable to be considered than the

ordinary recorder is designed to register and it was consequently

necessary to devise a new type of device.

The scheme of recording operates in a somewhat similar manner to

the automatic angle adjusting equipment. A set of 44 condensers is

charged by the incoming signal through the monitoring switch. Each

condenser corresponds to a particular position of the phase shifters

and consequently with a particular vertical angle of arrival at a

particular frequency. A vacuum tube voltmeter is successively con-

nected to the condensers until one is found which has acquired a

predetermined potential in the order of two volts. A relay in the

plate circuit of the voltmeter then operates, causing only that par-

ticular condenser to be discharged and making a record on a paper strip.

The recorder consists of a mechanism for driving a paper strip 5"

wide at a constant speed over a drum having a spiral wire on its
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periphery. Above the drum and paper are a typewriter ribbon and
a thin bar which may be made to come down on the ribbon, paper

tape, and spiral wire, by the action of an electromagnet. The action

of this striker bar is to cause a dot to be made on the paper strip at

the position where the striker bar and spiral wire intersect. The
drum carrying the spiral wire revolves in synchronism with the phase

shifters and there is consequently a lateral position on the paper

corresponding to each one of the 44 condensers previously mentioned.

When each condenser is discharged by the action of the vacuum tube

voltmeter a dot is made in a particular lateral position on the paper

strip and successive dots caused by the discharge of the same con-

denser fall in the same longitudinal line on the strip. The frequency

of dots in a particular longitudinal line is, therefore, proportional to

the relative field strength at a vertical angle corresponding to that

line. As a result of the action of the automatic volume control on

the monitoring branch amplifier, the maximum frequency of dots

along a longitudinal line is kept approximately constant regardless

of the absolute value of signal received so that the device does not

record the variation of signal at a fixed angle from minute to minute.

A sample of a section of a record is shown on Fig. 9, together with

a scale showing the angles corresponding to the rows of dots for a

particular received frequency. The angle record is contained in the

section above the "Phase Shifter Position" scale.

In order to have a check on, and a record of, the operation of the

automatic angle adjusting equipment, provision has been made so

that three longitudinal lines are drawn on the paper corresponding

to the three angular positions of the diversity branches.

A record of the operation of the automatic delay adjusting device

is also made by the recorder. This was done by inserting a mechanism

which uses the margins of the paper on either side of the main record.

The delay recording device consists of two drums mounted con-

centrically with the main recorder drive shaft which are similar in

nature to the tens and units drums of an ordinary counter. Flexible

shafts extend from the delay adjusting switches to the recorder where

they drive the drums on each end of the shaft. The two drums on

one end are connected together with an intermittent movement so

that one revolution of the small units drum causes the large units

drum to move forward one step.

With the paper tape normally running at only \" per minute it is

impractical to stamp numbers on the paper since the delay adjustment

varies several times in a minute and thus would cause the numbers to

record on top of one another. Recourse was accordingly taken to a
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mark in a definite lateral position to indicate the magnitude of the

delay. The drums have segmental ridges on their periphery which

are displaced in various lateral positions. Cam operated hammers
descend on the typewriter ribbon above the drums and paper once

each second leaving a mark in a lateral position corresponding to the

ANGLE OF ARRIVAL ABOVE HORIZONTAL
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a single antenna. The improvement in signal-to-noise ratio caused

by the use of 16 antennas should average 12 db, but instantaneous

improvements might vary from large negative values, if the equipment

were not kept properly adjusted, to values of 25 or 30 db, which might

be expected when the noise came from the direction of a null in the

musa antenna directive diagram.

In the operation of radio telephone circuits there is a minimum
signal-to-noise ratio below which commercial service cannot be given.

As the signal-to-noise ratio is increased a value is reached where

further increases give little benefit. The range between these two

values is about 25 db. Transmitters and receivers generally are

designed so that their maximum signal-to-set-noise ratio is somewhat

greater than the maximum beneficial circuit value in order that set-

noise shall not degrade the circuit. The maximum signal-to-noise

ratio obtainable with a musa receiver and a single-antenna receiver

should be approximately the same.

The 12 db average improvement which the musa receivers should

give should make it possible to obtain, on the average, commercial

circuits with signal field strengths 12 db less than those usable with a

single-antenna receiver. This in turn will decrease the amount of

time in which commercial service cannot be given. ^ On the other

hand the musa receiver should produce its maximum signal-to-noise

ratio for field strengths 12 db lower than a single-antenna receiver and

at field strengths 12 db higher the musa receiver would show no

improvement over the single-antenna receiver. The net improvement

in signal-to-noise ratio therefore should be expected to average from

12 db at the lowest usable signal-to-noise ratios to db at fields 25

or 30 db higher, with fairly wide variations with time from the average.

The results of a comparison between the musa system and a single

sideband receiver operating from one of the same antennas confirm

the theoretical expectations to a fair degree. The fraction of the time

that given improvements in decibels are obtained follows approxi-

mately a normal probability curve.

The reduction in selective fading effected by the musa receivers is

difficult to state numerically. Most of the objectionable selective

fading is removed. There are times when waves that have traveled

over distinctly different paths arrive at so nearly the same angle that

they cannot be resolved. Fortunately these times are fairly rare.

When waves of closely adjacent angle are present the monitoring

system does not give a true indication of reception angles, as can be

9 R. K. Potter and A. C. Peterson, Jr., "Reliability of Short-Wave Radio Tele-

phone Circuits," Bell Sys. Tech. Jour., Vol. XV, pp. 181-196, April 1936.
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shown by theory. It is a fairly common occurrence for a wave group

which has apparently traveled over a single general path to have

components which vary in transmission times by 100 or 200 micro-

seconds from others of the same group. The fading caused by such

small delay differences is not distinctly selective in effect and its

chief detriment is in causing volume variations which must be overcome

by the use of special devices.

During some severe magnetic storms successive traces on the angle

monitoring cathode ray oscilloscope show little relatioij to each other.

It has been reasoned that a reduction in resolution might be beneficial

at such times but sufficient experience to prove this has not been

obtained. A reduction in resolution can be obtained easily by switch-

ing off the amplifiers associated with one group of eight antennas.

It has been found that fading on the front group of antennas is

generally at random to that on the rear group so that the two groups

can be used in space diversity if desired. No particular advantage

has been found to this arrangement.

The use of delay compensation between the diversity branches

does not seem to have any advantage over the use of the automatic

branch selector. The output volume variations are slightly greater

with delay compensation because of the use of reconditioned carrier

for demodulation. On the other hand the use of the automatic

branch selector promises materially to reduce maintenance by elimi-

nating the necessity for keeping the phases of the various carrier and

sideband amplifiers alike.

It has been amply demonstrated that the automatic adjusting

features provided are essential to the efficient operation of the

equipment.
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Thermionic Emission, Migration, and Evaporation of Barium on

Tungsten.^ J. A. Becker and G. E. Moore. When barium is de-

posited on tungsten, the thermionic activity of the tungsten increases,

comes to a maximum, and then decreases. It has frequently been

found by emission measurements that this optimum corresponds to

about a monomolecular layer. However, data obtained in this work
show that some regions of the filament require more than five times as

much barium as others for optimum emission.

Photographs are presented which show that the rates of both migra-

tion and evaporation depend on the crystal surface, the temperature,

and amount of barium on the surface. Barium migration on tungsten

can be observed at temperatures as low as 970° K., is readily observed

at 1025° K., and is rapid at 1070° K. Evaporation is observed on some
crystals at temperatures as low as 1025° K., while on others it is slow

even at 1260° K. At 1300° K. it is rapid for all crystals. These tem-

peratures probably vary with the oxygen contamination which comes

over to the filament with the barium. For barium concentrations near

the optimum there exists a range of temperature over which migration

is readily observed, but where evaporation is not noticeable.

Measurements of electron emission after all the barium is evaporated

show that the filament was contaminated by an electronegative ma-
terial, probably oxygen.

Barium tends to migrate toward the negative end of the filament,

thus indicating ionization of adatoms.

A mechanism for migration is suggested.

The Vocoder—Electrical Re-creation of Speech.^ Homer Dudley.
In the Bell Telephone Laboratories have been developed electrical

circuits for the artificial production of speech. One form of the device

is itself voice-controlled, thus differing fundamentally from the Voder

of the World's Fair which is controlled by keys and pedals. It has

been christened the "Vocoder" or "voice coder."

Many startling effects are possible when the code is varied, for the

Vocoder then re-creates sounds quite different from those used by the

person speaking. Cadences may become monotones, rising inflections

may be turned to falling inflections, a vigorous voice may become a

1 Philosophical Magazine, February 1940.
2 Jour. S. M. P. E., March 1940.
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quaver, or a single voice may accompany itself at any desired musical

interval—thus converting a solo into a duet, etc. Also non-speech

sounds may be coded into intelligible speech and instrumental music

into vocal music.

Statistical Measurements on Conversational Speech.^ H. K. Dunn
and S. D. White. Using apparatus designed to collect a large number

of data in a short time, the following measurements have been made:

peak and r.m.s. pressures in one-eighth-second intervals, and in various

bands of frequencies up to 12,000 cycles per second, from the voices

of six men and five women; comparison of r.m.s. pressures in one-

eighth- and one-fourth-second intervals, from a single male voice;

and distribution of the instantaneous pressures in whole speech, from a

single voice. Derived from these data are peak factors in one-eighth-

second intervals, and frequency distribution of speech energy in long

intervals. Both the absolute value and the distribution of energy are

found somewhat different from previously published results.

Auditory Patterns} Harvey Fletcher. During the last two

decades considerable progress has been made in understanding the

hearing processes taking place when we sense a sound. The applica-

tion of the same instrumentalities that have brought such a wonderful

development in the radio and sound pictures to this problem is largely

responsible for this progress. Such instrumentalities have made it

possible to make accurate measurements which are the basis for under-

standing any physical process.

To understand this problem then we need to know first how to

describe and measure the sound reaching the ears; then we need to

know how to describe and measure the sensations of hearing produced

by such a sound upon a listener. To do this quantitatively we must

also know the degree and kind of hearing ability possessed by the

listener. It is with these three phases of the problem that this paper

deals.

2 Jour. Acous. Soc. of America, January 1940.
* Reviews of Modern Physics, January 1940.
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Crosstalk in Coaxial Cables—Analysis Based
on Short-Circuited and Open Tertiaries

By K. E. GOULD

The problem considered herein is that of estimating, from meas-
urements on short lengths of coaxial cable, the crosstalk to be

expected in long lengths of the same cable. The method devel-

oped, which is particularly applicable to cases in which the effect

of tertiary circuits on the crosstalk is large, is based on measure-
ments of crosstalk in a short length, with the tertiaries first short-

circuited and then open. The application of this method to the

cable described in the companion paper by Messrs. Booth and
Odarenko gave crosstalk values in good agreement with their

experimental results.

Introduction

X70R a number of years the problem of crosstalk summation in long

-^ open-wire lines or cables has been studied by measuring crosstalk,

in phase and magnitude, in short lengths. The crosstalk within a

short length, between two circuits terminated in their chai acteristic

impedances, would be measured with all important tertiary circuits

also approximately terminated. Then the crosstalk between two

circuits in adjoining short lengths would be measured with the ter-

tiary circuits terminated. From these coefificient measurements the

crosstalk in a long length could be estimated by a process of integration.

The application of tlis general method to crosstalk in the usual

types of coaxial cable would require great accuracy in the coefficient

measurements, because in 'onger lengths the desired crosstalk value

depends on the diffe.-ence be (ween two nearly equal quantities involv-

ing the coefficients. Tn the following analysis the computation of the

crosstalk for long len_th^ of co.ixial cable is based on crosstalk measure-

ments, in phase and magnitude, between two coaxial circuits in a

single short length with the tertii^ry circuits first open and then short-

circuited, no crosstalk measurements with terminated tertiary circuits

being involved.

341
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This method of analysis, when applied to the twin coaxial cable

described in the companion paper by Messrs. Booth and Odarenko,

gave results in good agreement with the measured crosstalk.

In this analysis it was assumed that all the tertiary circuits could be

combined and considered as a single circuit. Although no evidence

has been found that with the types of structure studied so far, better

accuracy would result from the further refinement of considering two

or more dissimilar tertiary circuits with coupling between them,

there is one case of practical importance which cannot be handled with

the single-tertiary analysis. This case is that of the interaction cross-

talk (that is, the crosstalk by way of a tertiary circuit) between two

adjoining lengths of coaxial cable, when, at the junction, part of the

tertiary conductors are short-circuited to the outer coaxial conductors

while the remaining tertiary conductors continue through with no

discontinuity. This problem might be of importance where, at a

repeater, the outer coaxial conductors and the sheath are bonded to-

gether, but paper-insulated pairs in the same sheath provide an un-

interrupted tertiary circuit. The near-end crosstalk under such condi-

tions might also differ significantly from the values indicated by the

single-tertiary analysis.

The two-tertiary analysis is too long to be given here in detail, and
hence has been outlined only to such an extent as to indicate the

derivation of the formulas for interaction crosstalk when one of the

tertiaries is short circuited and the other terminated in its character-

istic impedance. The formula for near-end crosstalk under this condi-

tion is given without derivation.

I

—

Identical Coaxial Lines Symmetrically Placed
WITH Respect to a Single Tertiary

The first case we shall consider herein is that of any number of

identical coaxial lines with the outer coaxial conductors in continuous

electrical contact and symmetrically placed with respect to a single

tertiary circuit, such as that which might be provided by a sheath sur-

rounding the coaxial lines and insulated from the outer coaxial con-

ductors, or by a surrounding layer of paper-insulated pairs. Through-

out we shall assume that the reaction of the induced currents upon the

disturbing line is negligible.

Following a nomenclature analogous to that of the Schelkunoff-

Odarenko paper,^ we will designate by Z12 the mutual impedance per

unit length between any two coaxial lines in the presence of the other

coaxial lines but in the absence of any other conductors. The mutual

^ Bell System Technical Journal, April, 1937.
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impedance per unit length between any coaxial line (in the presence of

the other coaxial lines) and the tertiary circuit consisting of all of

the coaxial outer conductors with return by way of the sheath or other

tertiary conductors, we will designate by Z13.

If we consider the crosstalk between two coaxial lines of length, I,

such that the coaxial lines and the tertiary are electrically short, each

coaxial line being terminated in its characteristic impedance Z and the

tertiary open at each end, the crosstalk (near-end and far-end being

identical for such a length) is given by

IZ
'

If, now, we consider a case similar except that the tertiary is short-

circuited at each end, the crosstalk is the above term plus the effect

of the tertiary current /a, which, for unit current in the disturbing

coaxial line, is given by

T — ^^^
-tS — 1^ ,

where Z33 is the series impedance of the tertiary circuit per unit length.

/ Z"^ I \
This tertiary current will produce a current ( — -„3,^

j
in the dis-

turbed coaxial line and the total crosstalk will be

Z12I Z'lzl

IZ 2ZZ3

Z12
If we designate -pr^ by X and -^—^— by ^, then, for an electrically

2.Z Z12Z33

short length, X will represent the crosstalk per unit length between

two coaxial lines with the tertiary open, and X{\ — ^) the crosstalk

per unit length with the tertiary short-circuited. In the formulas

developed below these quantities will be found to be of fundamental

importance.

Tertiary Terminated in its Characteristic Impedance

Far-End Crosstalk

From the Schelkunoff-Odarenko paper, the sum of the direct far-end

crosstalk (eq. 19) and the indirect far-end crosstalk (eq. 40) for any

length under these conditions gives the total far-end crosstalk Ft, as

F, = ^''^ lysl 1 - e-(T3-7)i 1 _ e-(r,+7)«

2Z 4ZZ3 L 73' - y (73 - 7)' (73 + 7)"' J

;i)
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where

Zz — characteristic impedance of tertiary circuit,

7, 73 = propagation constants of coaxial Hnes and tertiary

circuit respectively.

This may be rearranged and written (since Z373 = Z33)

Ft =
IZ

X

2ZZ3

r It

2ZZ3

= X^/(1 -
^) -l^

73 / 1 — e-(T3-7)^ ^ 1 - g-^T-

2 \ (73 - 7)-

7^
, ^73

(73 + 7)

3+7)' \ 1

73^

X

7'^ 2

1 — e-(T3 -1)1 1 _ p-(T3+7)'

+

(2a)

(2b)
(73 — 7)^ ' (73 + 7)^

This formula has been found to be applicable, with good accuracy, to

the types of coaxial cable which have been studied so far. The quan-

tities X and X{\ — ^) are determined from crosstalk measurements on

a short length, and the propagation constants are of course readily

determined.

Near-End Crosstalk

A similar approach to the problem of the near-end crosstalk Nt with

the tertiary terminated in its characteristic impedance, using equations

(10) and (32) of the Schelkunoff-Odarenko paper, gives

1 - ^ ^7
Ni = X (1 - e-2>i)

27

+

2(73^ - 7^)

^73
(1 + e-2>' - 2e-(^a+^)') (3)

2(73' - y)

Here, as in the case of equation (2b) above, the crosstalk may be

computed readily from crosstalk and impedance measurements on a

short sample.

Interaction Crosstalk

Far-End Far-End and Far-End Near-End

We will consider the interaction crosstalk between two adjoining

sections of lengths / and /', respectively, the tertiary being connected

through at the junction, with no discontinuity. The tertiary current

iz{r) at the far end of a section of length /, for unit sending-end current,

with the tertiary terminated in its characteristic impedance, is readily

formulated as

Ul) = 77 ^ _ ^ • (4)
/Z3 73 7
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In the adjoining section, with the tertiary terminated in its char-

acteristic impedance, the tertiary current ^3(3') will be given by
i3{l)e~'*^y, where y is the distance measured from the junction of the two
sections.

This tertiary current H{y) will produce a far-end current in the

disturbed coaxial of

Z\, e-y' - e-y^' f ,,, -JTw- e-T3Ve-7(i'-!/)(^3,.

4ZZ3 73 - T Jo

The equal-level far end-far end interaction crosstalk FF, being this

far-end current divided by e~'i'^'+''\ may be obtained as

PP = o/^^^' N2 (1 - e-^^'-^^0(l - e-^y^-y^^'). (5)
2(73 - 7)^

The near-end current in the disturbed coaxial due to the current

iziy) is given by

4ZZ3 73 — 7 Jo
e—^^ve—ivdy.

From this the equal-level far end-near end interaction crosstalk FN

,

being this near-end current divided by e~y^, may be obtained as

'P^ = 0/
^^^'

2^ (1 - e-^^'-^^0(l - e-(T3+>)^'). (6)
2(73^ — 7 )

Near-End Near-End

The near-end tertiary current in the section of length / is similarly

formulated as

iz{^)=f^- -T (7)
2Z3 73 + 7

The near-end near-end interaction crosstalk NN is readily obtained, in

a fashion similar to that outlined above for the far-end near-end inter-

action crosstalk, as

^^ = ^^7^T^(1 - e-^y^-^y^'){\ - g-(>»+7)^'). (8)
2(73 + 7)

Tertiary Short-Circuited

The general case of the crosstalk between coaxial lines of length /

with the tertiary short-circuited at each end may be attacked as follows.

At any point at a distance x from the sending end, the voltage gradient

along the outer surface of the outer coaxial conductors, for unit sending-

end current, will be Zue^y". Each differential element, Zi^e-y'dx, of

this voltage drop will produce a current in the tertiary circuit de-
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termined by the impedances, Z' and Z" , of the tertiary as seen in the

two directions from this point, these impedances being

and
Z' = Zz tanh y^x

Z" = Zz tanh 73(/ - x)

(9)

(10)

respectively toward and away from the sending end.

At any other point at a distance y from the sending end, the tertiary

current due to the voltage Z\ze~''''dx will be given, for y > x, by

•

( \ _ Zne~'*''dx cosh ys{l — y)
*3W - z' + Z" cosh 73(/ - x)

(11)

From this the transfer admittance A{x, y) between these two points

is obtained as

A (x, y) = 1 cosh yzil — y)

Zstanh jzx cosh jz^l — x) -\- sinh yz(l — x)

Similarly, for y < x, this transfer admittance is obtained as

A(x,y) =—-, ^Qs^^ y^y

Zz sinh jzx + cosh jzx tanh 73 (/ — x)

The tertiary current, iz{x), is given by

'I

izix) = I

Jo
Zize-^«A(x, y)dy

(12)

(13)

(14)

from which we obtain

Z13
iz{x) =

2Z3 sinh 73/

X
73 ++ 7L

73 - 7 L

cosh 73(/ — :t) + e""^' sinh 73/

— e~T' cosh 73.r

cosh 73(/ — x) — e~y'' sinh 73/

— e~i'' cosh 73.r

(15)

Far-End Crosstalk

The indirect far-end crosstalk F/ due to this tertiary current (eq. 15)

is given by

F/ = ey^f^^^^ e-y^^-^Ux (16a)

_ Z'^iz r hz^ 2737" cosh 73/ — cosh 7/

2ZZ33 L 73^ — -) (73^ - 7^) sinh 73/
. (16b)
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Z I
If this is combined with the direct far-end crosstalk —^ , and the

terms rearranged as in the case of equation (2b), the total far-end

crosstalk F. is obtained as

F. = X^lil -^) -
/^

73' - y

+ 2^
737^ cosh 73/ — cosh 7/

(73^ - y')' sinh 73/ ]• (17)

It will be noted that equations (2b) and (17) differ only in the terms

which are not proportional to the length and which thus are of de-

creasing importance as the length becomes great.

Near-End Crosstalk

The indirect near-end crosstalk N/ due to the tertiary current is(x)

is given by

N,
Jo 2Z

'''^'\-r^dx (18)

By substituting iz{x) from equation (15) herein, and combining the

result with the direct near-end crosstalk,

Z12 1 - e-^y'

IZ 27

we obtain the total near-end crosstalk A^^, which may be written in

the form

N, = X

1 - e-2.: /
(J _ ^^ _^

^7^(73^ + 7')

27

^737^

(73^ - 1'')''

(73' - 7')'

(1 -f e-^'T-Q cosh 73/

sinh 73/

2e-T'
(19)

II

—

Identical Coaxial Lines Symmetrically Placed with
Respect to Each of Two Dissimilar Tertiaries

We will now consider the case of any number of identical coaxial

lines with the outer conductors in continuous electrical contact and
symmetrically placed with respect to each of two dissimilar tertiaries

with coupling between them.

In an unpublished memorandum by J. Riordan, the general forms

are developed for the currents and voltages in two parallel circuits

having uniformly distributed self and mutual impedances and ad-

mittances, when these circuits^are subjected to impressed axial fields.
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These currents (/i and I-i) and voltages (Fi and V-^ (the subscripts

applying, of course, to the respective tertiaries) are given by the

coefficient array,
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From equations (20) and (21) above, we have

Pi =

Qi =

P2 =

<22 =

2X1(1 — 771172) (ti — t)

— -^13

2Ki(l — 171772) (71 + 7)

Z\z,-q2

2X2(1 — 771772) (72 — 7)

2X2(1 — 771772) (72 + 7)
If we designate

giy-y)x^
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Interaction Crosstalk with One Tertiary Short- Circuited

Far-End

For the sake of simplicity, and with no considerable loss of applica-

bility, we will postulate the restriction that e"^^^ and e'>'»' are large

compared with e'^\ where / is the length of the section in which we are

formulating the tertiary currents.

Referring to equations (31) to (34), under the above restrictions the

terms involving e~'^^^ and e'~''^'^ are negligible in the region near x = I

and thus in this region

Ii = - SigTi^ - 77262^^^^ + L(pi - gi) + V2(p2 - g2)>-T^ (36)

l2= - vibie^''' - bicy^- + IviiPi - gi) + (p2 - g2)>-^^ (37)

+ \iKr(p, + qi) - viK2(p2 + q2)le-y\ (38)

V2 = - mKihiCy^ + Kibicy^''

+ [ - -n^KiiPy + gi) 4- K^ip^ + g2)>-T^ (39)

where ^

Pi = -;^^T^ ^( ^

'

(40)
2Ai(1 — »?ii72)(7i - 7)

7

^' ^ 2Ki{l - vm){yi + t)
' ^^^^

^' ^ 2X2(1 - :7i'72)(72 - 7)

'

^^^^

^' 2X2(1 -^l'?2)(72 + 7)" ^ ^

If, now, X is measured from the far end, and the following substitu-

tions are made as a matter of convenience: ^

ai = 6ie(Ti+^)', (44)

a2 = b2e^y^+y^', (45)

equations (36) to (39), multiplied by e"*^' so that the currents and

voltages are given for unit received current in the energized coaxial,

become

Ji = - flie-Ti^ - 772026-^^^ + [(^1 - gi) + 772(^2 - g2)>^^ (46)

I2 = - rjiaie-Ti- - aoe-y^^ + ImiPi - gi) + (P2 - g2)>^^ (47)

^ The terms involving e~y^ here are identical with the corresponding terms in

equations (31) to (34) except for the change in nomenclature, which in each case has
been chosen so that the a's and b's will be given by simple functions of the parameters
employed (^'s and q's here: i^-'s in the previous equations).

3 a\ and 02 here have no relation to Oi and ai in equations (31) to (34).
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+ LKiiPi + gi) - viK2(p2 + q2)ley-, (48)

+ [ - 772i^i(pi + 5i) + ii:2(/'2 + g2)>>^ (49)

In the section, of length /', adjacent to the far end of the energized

section, the impressed fields are zero and thus (under the condition that

e'l'i'' and e'>'2'' are large compared with unity), using primes to indicate

currents and voltages in this region, with the distance x\ taken positive

from X = /,

// = a/g->i^' + -niai'e-y^^', (50)

12 = riiai'e-y^'' + ai'e-^^^', (51)

Vi' = Kxa^e--^^'' - yiiK^a^'e-y^^', (52)

Fa' = - ViKiai'e-y^'' + K2a2'e-y^'''. (53)

With tertiary 1 short-circuited, the boundary conditions to be

satisfied are that at x = x' = 0, Vi — Vi = and /o = A'. From
these boundary conditions, we obtain

ai - — (pi + qi) H K^—r
—

i^—

»

(54)

«2 - — Kp2 -r 52) i v^^T—J^^ ' (55)
Ai + r]i^K2

The equal-level far-end far-end interaction crosstalk FF^ is given by *

FF, =||gT''J Ii'e-y^^'--'^dx'. (58)

With 11 as given by equations (50), (56) and (57), under the restric-

tions we have placed on 71/' and 72/', we have

FF. = ^'

4Z(1 -77i7;2)(i^l + 7?i2ii:2)

7) -^2(72 — 7) J L 7i — 7 72 — 7

'niK2 . ViKi
(59)

< As pointed out in the Schelkunoff-Odarenko paper in the section on mutual
impedance, since a coaxial circuit is involved, the current distribution external to this

circuit does not affect the mutual impedance, and hence the current I2' contributes
nothing to the crosstalk.
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or, with the use of equation (35),

FF. =
2(1 - mm){K, + vi'K2)

X r vi

Ui(7i - + V2

]l^-
K2 . V2K1

(60)
t) -^'2(72 — 7) J L Ti — 7 72 — 7

The equal-level far-end near-end interaction crosstalk FN, is given by

i^iV. =||J h'e-y-'dx', (61)

and under the restrictions we have placed on 71/' and 72/', we have

FN, =
4Z(1 - viV2){Ki + vi'K^)

V r ^^
r

V2

^L^i(7i- 7) ^^2(72 - 7)

V1K2

7i + 7 7

mKr 1

^2 + 7 J

X^Zi

X

Near-End

2(1 - 7?l7j2)(Xl + r,i2X2)

^71
,

^2+
Xi(7i — 7) 7^2(72 — 7)

qiK-i -n^Ki

71 + 7 72 + 7

(62a)

(62b)

Under the above restriction that e1'^^ e*^''', ei'^' and e"^*^' are large

compared with eT^ the currents and voltages in the disturbing section

near x = are given by equations (31) to (34) with the &-terms omitted,

and the currents and voltages in the disturbed section adjacent to the

sending end by equations (50) to (53).

The boundary conditions to be satisfied are that at ^c = :j;' = 0,

Vi = Fi' = and I1 = — I2. From these boundary conditions we
obtain

ai

a^

- (Pi + gi) +

- (p2 + g2) +

/ _ 771X2(52 -\- viqi)
""' ~ K, + ni'K2 '

a^ = i^i(g2 + 7?igi)

Kx + 7?i2iC2

t\xKi{(ii + i7igi)
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The near-end near-end interaction crosstalk NN^ is given by

NN, "'dx (67a)

X

X

4Z(1 - vm)(Ki-{-vi'K2)

+
Kiiji + 7) K2{y2 + 7)

X^Zu
2(1 - 77i7/2)(i^l + r?i2i^2)

'?1
,

V2

ViKi r)2Ki

Ki(yi -f 7) K^iji + 7)

^ 7i + 7 72 + 7

r]iK2
, V2K1

7i + 7 72 + 7

(67b)

(67c)

Near-End Crosstalk with One Tertiary Short-Circuited

Although the derivation of the formula for near-end crosstalk N^
with one tertiary short-circuited is too long to be included here, it

seems advisable to give this formula without derivation. Under the

above mentioned restriction that e"^'' and e'^^' are large compared with

e'^\

Ns = Nt-\r NN - NNs, (68)

where

Nt = near-end crosstalk, tertiaries terminated,

NN = near-end near-end interaction crosstalk between two
adjoining lengths, tertiaries with no discontinuity,

NNs = near-end near-end interaction crosstalk between two

adjoining lengths with tertiary 1 short-circuited at the

junction.

The first two terms (Nt and NN) may, with the types of cable studied

so far, be determined with satisfactory accuracy from the single-

tertiary analysis. In such a case, the formulas given herein are suffi-

cient for computing the near-end crosstalk with one tertiary short-

circuited.

Ill

—

Comparison of Computed Crosstalk
WITH Measured Values

With 72-ft. and 145-ft. samples of the twin coaxial cable described in

the companion paper by Messrs. Booth and Odarenko, crosstalk and

impedance measurements were made in the laboratory, at frequencies

from 50 kc to 300 kc, the sheath and quads in parallel being considered

as providing a single tertiary, that is, as being connected together at

short intervals.
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The far-end crosstalk for a length of 5 miles was computed from these

laboratory measurements and in Fig. 1 the results are compared with
measurements on this length, the crosstalk in either case being prac-

tically the same whether the tertiary was terminated or short-circuited.

95

N

a-computedI, far-end, tertiary terminated
B- measured/ or short circuited

c(and o)— computed \near-end,tertiary ter-
D— measured from west endj minated

80 90 100 150 200
frequency in kilocycles per second

250 300

Fig. 1—Far-end crosstalk and near-end crosstalk for 5-mile length.

In Figs. 1 and 2, the computed near-end crosstalk for a length of 5

miles is compared with representative measurements on the above
mentioned twin coaxial cable. Figure 1 shows this comparison with

the tertiary terminated and Fig. 2 with the tertiary short-circuited.
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The assumption of uniformity of the coaxial Hnes, as regards transfer

impedances, and of the tertiary circuits as regards transmission char-

acteristics, is a more serious restriction in the computation of near-end

crosstalk than in the case of far-end crosstalk. Even for long lengths

of cable, the near-end crosstalk is determined almost entirely by the

crosstalk behavior of a relatively short length of the cable near the

sending end, whereas the average crosstalk characteristics determine

115

125

135

/
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tioned twin coaxial cable and the measured interaction crosstalk

The curves in Fig. 3 are for equal lengths either of 3000 ft. or 12,000 ft.

In the case of the measured values, the junction point of the two sec-

tions was not the same for these two lengths. Although the agreement

between calculated and measured values is only fair, the spread in the

experimental results for these two cases, which for uniform cable would

be slight, is about the same as the spread between calculated and
measured values.

105

,V, 115
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< 120

o
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o

125
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and comparisons of the calculated and measured values are not very

significant.

It may be remarked that the application of the single-tertiary analy-

sis to all cases in which the two tertiaries were treated alike (either

terminated or short-circuited) gave very satisfactory agreement be-

tween computed and measured crosstalk for this 1900 ft. length of

4-coaxial cable.



Crosstalk Between Coaxial Conductors in Cable

By R. p. BOOTH and T. M. ODARENKO

The available literature on crosstalk between coaxial conductors

in contact makes it clear that the presence of any other conducting

material in continuous or frequent contact with the coaxial outer

conductors simply reduces the coupling per unit length without

altering the law of crosstalk summation with length.

When the conducting material is insulated from the coaxials,

as in the case of quads and sheath in coaxial cables, the situation is

more complicated. Instead of simply reducing the coupling per

unit length the quads and sheath, with the outer conductors for a

return, provide a tertiary circuit in which interaction crosstalk can

take place between elementary line sections. The summation with

length for this type of crosstalk is quite different from that between
two coaxials in contact and therefore the combined summation is

obviously more involved.

Tests on sections of a five-mile length of coaxial cable were made
at Princeton, New Jersey, in the latter part of 1937 and early in

1938 in order to obtain experimental verification of the manner in

which the quads and sheath affect crosstalk summation with length.

It is shown that the crosstalk component due to the presence of the

sheath and quads opposes the component which is present between
two coaxials in free space so that the resultant crosstalk is con-

siderably lower than would be computed ignoring the tertiary

effects.

Introduction

In spite of the geometrical and electrical symmetry of the coaxial

circuit and the excellent shielding properties of the outer conductor,

a part of the electromagnetic energy escapes from the circuit through

the outer conductor and sets up an electromagnetic field in the space

around it. Any circuit, be it even another coaxial placed in this field

will absorb a part of the energy stored in the field and deliver it to the

terminals of the circuit in the form of an unwanted or interfering

current—the crosstalk current. The magnitude of this crosstalk

current depends on a variety of factors, such as the physical character-

istics of the conductors and of the intervening space, the frequency

and the length of the circuit.

Expressions for two important cases of crosstalk between two coaxial

circuits in free space, namely, the so-called "direct" crosstalk with the

outer conductors in continuous contact and the "indirect" crosstalk

with the outer conductors insulated from each other, were determined

358
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and discussed in a previously published paper.* It was shown there

that the direct far-end crosstalk is directly proportional to / and the

direct near-end crosstalk is proportional to

1 - e-2T'

where / is the length and y is the propagation constant of either coaxial

unit. The indirect crosstalk was shown to be a more complicated

function of the length.

The present paper extends this earlier work to include the case

where the coaxials are enclosed in a common sheath or, in the general

case, paralleled by any conducting material symmetrically disposed.

^

When this conducting material is introduced in the neighborhood of

two coaxials in contact the conditions for crosstalk production are

naturally changed from those existing in free space. If the material

is uniformly distributed along the coaxials and is in continuous or

frequent contact with the outer conductors the summation of crosstalk

with length is the same as before but the magnitude is reduced. This

reduction is due to the fact that part of the current formerly flowing on

the disturbed outer conductor now flows on the new conducting

material instead, thus reducing the direct crosstalk coupling per unit

length.

In most cables, the coaxial outer conductors are in contact but the

other conducting material (sheath and quads) is insulated from the

outer conductors. The quads must obviously be insulated for

normal use and the sheath is kept insulated except at the ends

of a repeater section in order to permit the use of insulating joints

for electrolysis prevention where required. This material thus pro-

vides an extra transmission circuit, or tertiary circuit, in which

tertiary currents can be propagated up and down the line. In such a

case the resulting crosstalk in any length consists of both the direct

crosstalk between the contacting coaxials and the indirect crosstalk

via the outer conductor-sheath and quad tertiary circuit. The gen-

eral formulas given in the Schelkunoff-Odarenko paper apply for

these components. Since the two components follow different laws

regarding summation with length the resultant summation is quite

complicated except for very short or very long lengths.

The study of the tertiary effects on crosstalk summation is the main

contribution of this paper to crosstalk theory. Emphasis will be placed

on the development of a simple physical picture which will help one to

* Schelkunoff-Odarenko paper in Bell Sys. Tech. Jour., April, 1937.
^ In the interim between our tests and this publication a paper by H. Kaden

concerning this general subject was published in the Europaischer Fernsprechdienst,
no. 50. October, 1938, pp. 366-373.
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visualize clearly the influence of the tertiary circuits in the summation

process. To produce such a picture a certain amount of review of the

general crosstalk problem will be necessary. This is undertaken in

Part I of this paper.

Part II is devoted mainly to the presentation of test data taken in

November and December, 1937, January and February, 1938 on sec-

tions of a five-mile length of a twin coaxial cable near Princeton.

These data confirm and graphically illustrate certain relationships

developed in Part I. In addition they provide information on the

tendency of tertiary circuits to complicate the effectiveness of trans-

positions and show how interaction crosstalk takes place around

repeaters via the tertiary circuits.

PART I—THEORY

In any series of crosstalk tests on short lengths of paired or quadded

cable where the problem of combining a number of such lengths is

concerned it has generally been the practice to terminate both the test

circuits and important tertiary circuits in characteristic impedance.

Under such a condition the normal influence of all circuits in the pro-

duction of crosstalk within each short section is provided for and the

summation process, including interaction between successive sections,

can be studied under actual line conditions. This is a general method

applicable to any type of coupling and was adopted for the Princeton

investigation. The effect of discontinuities such as short-circuited

tertiaries at the extreme ends of a repeater section can be readily

handled mathematically as correction terms due to "end effect."

To simplify the presentation of the factors involved, the discussion

in this section will be confined mainly to the case of far-end crosstalk.

In a twin coaxial cable where the transmission in the two units is in

opposite directions there actually exists no far-end crosstalk problem

since only talker echo, a near-end crosstalk phenomenon, is in-

volved.^ In multi-unit cable, however, there will be far-end crosstalk

between different systems. Since this type of crosstalk tends to in-

crease directly with the number of repeater sections it is important to

understand its nature thoroughly. Moreover, in a study of funda-

mentals it is possible to avoid certain complications not essential to an

understanding of the problem by investigating far-end rather than

near-end crosstalk.

To present a clear picture of the physical meaning of some of the

forthcoming mathematical expressions their derivations will be ap-

' This statement may not hold if the repeater impedances fail to match the line

impedance since in that case the far-end crosstalk can be reflected and appear as

near-end crosstalk.
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proached in as elementary a fashion as possible. In order to do this

we shall start with the simple arrangement of two coaxial conductors

in free space, a case already covered in previous papers. To the

crosstalk equations covering this case will then be added terms to allow

for the effects of quads and sheath. In all that follows in Part I the

quads and sheath will be considered as one unit referred to as the

"sheath." This is a good approximation as will be shown in Part II.

The conception of two independent crosstalk components—a direct

or transverse component between coaxials in contact and an indirect

or interaction component via the sheath tertiary circuit—is not neces-

sary for the solution of the problem. It is preserved here, however, as

offering a familiar and much simpler approach to a clear understanding

of the processes involved in crosstalk summation with length.

Far-End Crosstalk

Consider first an elementary section, dl, of a long single coaxial in

free space as indicated in Sketch (a) of Fig. 1. If the current at this

point in the center conductor is /i the current in the outer conductor

is practically — /i since there is no other return path (except through

the air dielectric which offers a high impedance especially at the lower

broad-band frequencies considered here). Using Schelkunofif's nomen-

clature we may state that an open-circuit voltage equal to ei = IiZagdl

is developed on the outer surface of the outer coaxial conductor. The
term Zas represents the surface transfer impedance (mutual im-

pedance) per unit length between the inner and outer surfaces of the

outer coaxial conductor.

Now suppose that we place another long coaxial parallel to the first

one and, for generality, insulated from it as shown by Sketch (b) of

Fig. 1. The open-circuit voltage ei on length dl of the first coaxial

outer conductor will now cause current to flow in the intermediate

circuit composed of the two outer conductors. The parameters of this

circuit are 73 and Z3 as shown on the sketch. In returning on the

second coaxial outer conductor this current causes crosstalk into the

second coaxial circuit.

It is convenient at this point to replace the original impressed voltage

ei by the set of emf's shown in Sketch (c) of Fig. 1. The insertion of

equal and opposite voltages eijl on the outer surface of the disturbed

coaxial outer conductor does not change conditions but enables us to

consider certain effects separately. The first effect to be considered is

that due to the pair of equal and opposite voltages ei/2 in the loop

composed of the two coaxial outer conductors. These voltages com-

bine to form a "balanced" voltage ei which tends to drive current
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around the balanced circuit composed of the two outer conductors.

For the present we shall not consider the voltages eijl which are in

the same direction in the outer conductors.

The current in the "balanced" intermediate circuit of characteristic

impedance Zz and propagation constant 73 due to the balanced voltage

ei in the elementary length dl is iz = ei/lZs. This current flowing

along the outer coaxial conductor of the disturbed circuit produces a

voltage 62 = isZapdl on the inner surface of this outer conductor and

this voltage in turn causes a current iia in the disturbed coaxial circuit

-dl-

I'fj.k
COAXIAL 1

'* e, = IiZa/2.cll-
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TlZi

»'3,Z3
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7Y77Z//'/////////////////7?,
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2 2_

13 »1^
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-<sy
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<sy

4---

Hr)

(d)

Fig. 1.—Coaxial crosstalk schematics.

equal to eil2Z, where Z is the coaxial characteristic impedance.* In a

long line other elementary lengths of the disturbed coaxial are also

affected by iz because of its propagation along the intermediate circuit.

(This crosstalk by way of a tertiary circuit from one length into another

is known as indirect or "interaction crosstalk" and because of its

presence the summation of crosstalk with length is not a simple function

of length even for systematic coupling such as occurs with coaxials.)

This is a crosstalk case for which the general solution is already

* The subscript "a" in i^a relates this current to the so-called "mode a" current

used by Carson and Hoyt in their paper entitled "Propagation of Periodic Currents
Over a System of Parallel Wires," Bell Sys. Tech. Jour., July, 1927.
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available. When the efifects are integrated it is found that the far-end

crosstalk is quite a complicated function of length and of the tertiary

and coaxial propagation and impedance characteristics.^ However,
if the coaxial units are in actual contact as in the case of the coaxial

cable to be considered here, the formula for the far-end crosstalk F^

expressed as a current ratio is quite simple, namely,

Z ^

where Z33 = Z373 is the series impedance per unit length of the circuit

composed of one coaxial outer conductor with return on the other.

Thus, for this component, the far-end crosstalk is directly proportional

to length. This simple relation results from the fact that the inter-

mediate circuit, being continuously shorted, has such high attenuation

that no interaction crosstalk between elementary lengths can exist.

We shall now consider the crosstalk contribution due to the longi-

tudinal voltage ei/2 acting along both coaxial outer conductors in

parallel. Suppose that a sheath is placed symmetrically around the

two coaxials but insulated from them as shown in Sketch (d) of Fig. 1

.

The longitudinal voltage sends a current around the circuit composed
of the two parallel outer conductors with sheath return equal to

H = ei/(2)(2Zi), where Z4 is the characteristic impedance of this

circuit. Half of this longitudinal current flows on the disturbed

coaxial outer conductor in opposition to the balanced current is flowing

there.

Following previous procedure it can be shown that in the elementary

length a crosstalk current i2c — iiZapdl/4Z will flow in the disturbed

coaxial circuit.® Other elementary lengths are also afl"ected by ii thus

producing interaction crosstalk. When the effects are integrated over

a length / the far-end crosstalk for this component is found to be as

follows :

ri =
I6ZZ4

21 74^

74 74'' — y^

2(742 + 72) e-'-y*-y'>^ e-(74+y)2

(742 — 72)2 (^y^ - -j,)2 (^^ _j_ ^)2
(2)

where 74 is the propagation constant of the sheath-outer conductor

circuit. If the sheath is in actual contact with the coaxial units the

^ See equation (40) in the Schelkunoff-Odarenko paper in Bell Sys. Tech. Jour.,
April, 1937.

* The subscript "c" in {20 relates this current to the "mode c" current used by
Carson and Hoyt in their paper of July, 1927.
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formula reduces to the simple relation

F = — ^°^" — = — ^'^^
1 f2\

where Z44 = Z474 = series impedance per unit length of the circuit

composed of the outer conductors with sheath return.^ For a sheath

in contact this component is thus directly proportional to length since

interaction crosstalk from one elementary length into another has been

eliminated.

Now, while we are actually concerned with the insulated sheath as

covered by (2) it is of considerable interest to study equations (1)

and (3) at this point. The total far-end crosstalk when the outer

conductors and sheath are in contact is the sum of the crosstalk com-
ponents 7^3 and Fi as given in equations (1) and (3), or

F, + F, = Fi=^ J /_

Z33 4Z4 (4)

This simple addition follows from the fact that the circuits for the two

modes of propagation covered by equations (1) and (3) are mutually

non-inductive because of symmetry so that there is no reaction be-

tween them. The recognition of this fact does away with the necessity

of complicated mathematics which would otherwise have to be used

in the general solution.*

In formula (4) the second term in the bracket represents the contri-

bution of the tertiary circuit involving the sheath and is seen to be

opposite in sign to the first term which represents the crosstalk which

would exist in the absence of the sheath. The equation illustrates

mathematically the previous statement that conducting material in

contact with the coaxials acts to reduce the crosstalk. Since both

components are directly proportional to length, the total is also directly

proportional to length.

It is apparent in formula (4) that the crosstalk would be zero if the

values of Z33 and 4Z44 were equal. In cables where steel tapes are

used on the outer surface of the coaxials this condition is approached.

For example, if we neglect external inductance and proximity effects,

Z33 would be equal to twice the surface self-impedance of a single outer

^ It should be noted here that it is not really necessary to postulate a separate
sheath return in order to obtain expression (3) for 7^4 due to the longitudinal voltage

ei/2, since the return in continuous contact with the outer conductors will actually

tend to lose its identity. The device of introducing sheath return insulated from the

outer conductors and then shorting it to the conductors serves only to simplify the
concepts of Zn, Z4, 74.

'This principle of symmetry can be extended to the case of four coaxial units

whether insulated or in contact.
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conductor while Z44 would equal one-half of the surface self-Impedance

of a single outer conductor (neglecting the self-impedance of the lead

sheath in comparison with the iron outer conductors). Thus, neglect-

ing differences in external inductance and in proximity effects I/Z33

would equal I/4Z44 and the crosstalk would vanish. Actually, the

observed reduction in crosstalk due to these opposing terms is about

32 db at 50 kilocycles in a 145-foot section of twin coaxial with quads

and sheath shorted to the coaxials at the ends only. Physically this

means that the current due to the voltage on the outer conductor

surface of the disturbing coaxial flows mainly in the sheath and quads

rather than on the high impedance surface of the disturbed coaxial.

Now let us consider the case where the sheath is insulated from the

coaxial outer conductors. For this case equations (1) and (2) may
also be added directly to give

Fi =
2Z Z33

/ 74^

4Z44 74^ - 7^

74

+ 74 / 74^ + 7^

4Z44V(742 - y^)\

-(.yt-y)i f.-lyA+y)i

+
4Z44\2(74 - 7)2 2(74 + 7)'

(5)

This equation appears quite formidable but it has been split purposely

into three terms which will be examined individually. The first term

is directly proportional to length, the second term is independent of

length and the third term involves length exponentially. For lengths

where the tertiary circuit is electrically long the third term vanishes

and we have

Fi = ^a0

IZ
_z_

Z33

/ 74^
+ 74 / 74' + 7^

4Z44 74^- 7V 4Z44V(742 - 7^)=^
(6)

In electrically short lengths we get

Fi = Z^
2Z Z33

/ 74^

4Z44 74==

2Z L

+

Z33

74

4Z44 74^

74 l^

4Zu ' 2

-y 2)\

- 2Z LZ33J'
(7)

in which it is seen that terms two and three of (5) combine to cancel

the second half of term one.

From equations (5), (6) and (7) we are now ready to build a physical

picture of what takes place as / is increased for cable sections where

the sheath is insulated from the coaxial outer conductors but ter-

minated to them at each end in characteristic impedance, Z4. Starting

with equation (7) we see that for very short lengths the term involving
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P becomes negligible, that is, the crosstalk is practically all due to the

component which exists in the complete absence of a sheath (see

equation (1)). In the range of lengths where this is true the crosstalk

increases directly with length.

Quite a different state of affairs exists for a section electrically long

enough for equation (6) to hold. The first bracketed term is still

proportional to length but now consists of the difference of two com-
ponents. The first of these represents the crosstalk between the

coaxials with no sheath present while the second is a part of the crosstalk

component introduced by the presence of the sheath. Except for the

factor 74^74^ — 7^ this first bracketed term in equation (6) is the same
as equation (4) for a sheath in contact where, as we have already noted,

the cancellation of the two components is quite effective when steel

tapes are used on the outer conductors. Since y^ is necessarily con-

siderably greater than 7^ because of these steel outer conductors, it is

reasonable to expect that the factor y/^jy^ — y^ is nearly unity and
that, therefore, the two components in the first bracketed term of

equation (6) will also tend to cancel leaving a residual proportional to

length but much lower in magnitude than either component alone.

The second bracketed term of equation (6) is entirely independent

of length. This term has also been introduced by the presence of the

tertiary circuit and its magnitude depends on the characteristics of

this circuit.

Thus, even without knowing the relative magnitudes of the two
components of the first bracketed term of equation (6) for a given

length, it is apparent that as / is increased this term must eventually

be controlling. The crosstalk will then again be proportional to length

as it was for very short lengths but at a reduced level proportional to

1
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Suppose, for example, that far-end crosstalk measurements are made
on two cable sections each of length / with tertiaries terminated as illus-

trated in Sketch (a) of Fig. 2. Let the total crosstalk in each section

be equal to Fi as defined by equation (5) above. If these two sections

are joined together the total crosstalk is 2Fi plus some other terms

which represent the interaction crosstalk between the two sections as

illustrated in Sketch (b) of Fig. 2. We shall call the component F„„

(Xh
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Fig. 2—Schematics illustrating far-end crosstalk summation.

near-end near-end and the component Fff far-end far-end interaction

crosstalk. Although inseparable under normal line conditions, these

components are definite physical entities and can be isolated as shown

schematically on Sketches (c) and (d) of Fig. 2. Thus, both F„„ and

Fff can be measured readily. In addition it is possible to measure

directly Fi + Fff as shown on Sketch (e).

This interaction crosstalk between sections is due to crosstalk cur-

rents introduced into the outer conductor-sheath tertiary circuit in one
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section and propagated along this circuit into the next section and
thence into the disturbed coaxial. Except for interaction crosstalk

between sections the total crosstalk in 21 would simply be twice that in

length /, that is, the crosstalk would be directly proportional to length.

Now, the expressions for far-end crosstalk due to such interactions

between two sections each of length I are

F = 74

4Z 4Z44

Zgg^ 74

4Z 4Z44

r 1 _ f.-(y,+y)l 1

L 74 + 7 J

r 1 - e-(7,-7)n i

L 74-7 J

(8)

(9)

Since the coefficients ^ outside of the brackets are the same for Fnn
and Fff the terms may be combined to give the total interaction cross-

talk between the two sections, namely.

Fnn -\- Fff
IZ

74 / 74^ + 7^

L 4Z44 \ (74^ - 7')'

74

4Z44
+

+

(74 - 7)

74 / e

(74 + 7)-

-2(74-7)i e-2(74+7)i

+4Z44\2(74 - 7)- 2(74 + 7)=^
(10)

As mentioned before, the crosstalk in length 21 exclusive of interactions

between the two sections is equal to 2Fi or equation (5) multiplied by 2,

namely,

2Ft
Z.,2
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wherein the second term in equation (10) is cancelled completely by
the third term of equation (11). This equation (12) is exactly what
we would get by substituting 2/ for / in the general equation (5). The
only reason for deriving it in terms of 2Fi plus interaction between the

sections is to present a better physical picture of the mechanism of

far-end crosstalk summation with length, that is, to show how the

interaction crosstalk between two sections alters what otherwise would

be a direct summation with length.

In lengths where the tertiary circuit is electrically long equation

(12) for total crosstalk in length 2/ becomes

^2; = 2Fl + Fnn + Fff = Zal
2Z

7r21

4Z44 74^ — 7^

+ 74

4Z4

74^ + 7^
(13)

which differs from equation (6) for total crosstalk in length / only by

the factor of 2 in the first bracketed term. Thus, as mentioned before,

there is a range of lengths wherein the crosstalk will be constant at

a level determined by the second term of (6) or (12) until the length

becomes sufhcient for the first term to become controlling.

In lengths where the tertiary circuit is electrically short equation

(11) becomes

2Fi =

which reduces simply to

Z^
2Z

21

Z33 4Z44

2Fi = Z„,2

2Z
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crosstalk in length 21 will be simply twice that in length / since the

interaction crosstalk between lengths / is proportional to l^ and there-

fore is negligibly small.

The view of the mechanism of far-end crosstalk summation as de-

veloped above is illustrated by measurements to be presented in

Part II. It may be pointed out here that the measurement of far-end

and interaction crosstalk in phase and magnitude on short lengths

where equations (15) and (16) hold gives the far-end and interaction

crosstalk coefhcients from which the crosstalk in any length of line

may be computed provided the propagation constants and impedances

of the coaxial and the tertiary circuits are known.

A practical difficulty may arise from the fact that the application of

this method involves equations (12) or (5) where the first bracketed

term consists of the difference of two quantities each of which is very

large compared with this difference. Thus, a considerable error may
be introduced in the computation of this term because of small errors

in the measurement of its components. For some cases it is, therefore,

better to use a method based on certain crosstalk measurements in a

short length of cable with the tertiary circuits open and shorted.^"

There are cases, however, where the controlling crosstalk in a five-mile

section is predominantly due to the second term of equation (5).

One such case is for the crosstalk between diagonally opposite coaxials

in a four-coaxial cable. In this case tests have shown that the cancel-

lation of components in the first term is so complete that the second

term is controlling in five miles. For such a case the more accurate

method may be to determine the interaction coefficient from equa-

tion (16).

Near-End Crosstalk

It will be sufficient here to give simply the final equations for the two

crosstalk components for any length /.

For the component which would exist for two contacting coaxials

in free space we have

--¥-£(^^)
and for that component due to the presence of the sheath

Z„«2 1 r 74^ 1 - e-^yi
N,= - 1 r 74^ 1

-2^44 L 74^ — 7^2Z 4:Zu |_
74^ — 7^ 27

74^ 1 - 2€-(T'«+T)' -f t-^y^

742 — 72 274

^° The method described in a companion paper by K. E. Gould.

(19)
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whence, for both components,

371

iVs + iV4 = Ni
2Z

+

J_
AZu 74^ — 7^ 27

1 7r
4Z44 74^

1 - 2e-(^^+>>^ + e-"^'

274
(20)

In a section where the tertiary circuit is electrically long equation (20)

reduces to

Ni =
7 n2

2Z
1 1 74"

4Z44 74^ — 7^

1 - e-2^'

27

1 74'

' 4Z44 74^

and when / is electrically short it reduces to

74

1 + e-^y^

274

Ni
^Z^\ ±__

2Z iZzz 4Z44 2

(21)

(22)

which is the same as for far-end crosstalk in very short lengths as given

in equation (7).

As pointed out earlier the expression for near-end crosstalk even

when the tertiary circuit is electrically long is more complicated in form

than for far-end crosstalk because of the terms 1 — e-^f' and 1 + e"^''''.

This may be seen by comparing formulas (6) and (21).

Nevertheless it is possible to see from (21) that the presence of the

tertiary circuit acts to reduce near-end crosstalk as it did in the case of

far-end crosstalk. The first term of (21) is less than the near-end

crosstalk without the sheath (equation (18)) by the factor

1 1 74-=

4Z44 74^ — 7

Z33

2 7
= 1 - ^ 74^=

4Z44 74^ - 7

This is the same factor by which far-end crosstalk is reduced in very

long lengths as brought out in the discussion of equation (6). How-
ever, the second term in equation (21) prevents this complete reduction

from ever taking place in the case of near-end crosstalk.

PART II—EXPERIMENTAL RESULTS

The crosstalk measurements presented here were made on and

between sections of twin coaxial cable of various lengths from 73 feet
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to about five miles. Primarily the tests were made to indicate the

effect of sheath and quads upon the summation of crosstalk with
length as a check on theoretical considerations and were the first

extensive tests made on a coaxial cable with this end in view. The
layup of the cable is shown in Fig. 3.

SHEATH

COAXIAL UNIT ^;^^ ^^^^tV PAPER WRAPPING
CENTER CONDUCTOR :— ,y//i, ,, w xv//i.
I3AWGAUGE,SEMI-HARD Iv/// // ^7?\ \r~~\Y7A STEEL TAPES
DRAWN COPPER CONDUCTOR

INSULATION:—
HARD-RUBBER DISCS

OUTER CONDUCTOR :-
TUBE FORMED FROM COPPER ,//..,k/., ,KXi, i^^ ^-^ l^yx. l^Z^L-aJ'^^ r,»r,.rr, ,K,e,„ .T^,,AND STEEL TAPES \//V^ *^/^ ^^ l^Wf^-PAPER-lNSULATED

QUAD

INSULATION

PAPER WRAPPING

CONDUCTOR

„ ' CENTER CONDUCTOR
PAPER INSULATED, 19AW GAUGE,

SPIRAL-FOUR QUADS \//?>i>^ ^\ /f~7i^/^A/ OUTER CONDUCTOR

Fig. 3—Cross-section of twin coaxial cable.

As indicated in the latter portion of Part I the general procedure was
to measure crosstalk in available sections of equal length, /, with the

tertiary circuits terminated in approximately characteristic impedance.

Interaction crosstalk between these sections was then measured and
finally the two sections were combined to find the total crosstalk in

length 11. This process was repeated until a total length of about five

miles was built up.

Far-End Crosstalk Summation

The results of crosstalk tests on 73 and 146-foot lengths are shown
in Fig. 4. The letters on the curves correspond to the crosstalk

components discussed in Part I. Only far-end far-end interaction

crosstalk was measured but for such short lengths the near-end near-

end crosstalk would be nearly the same.

Remembering from the discussion in Part I that the total crosstalk

Fii in length 21 is equal tolFi -\- Fnn \- Fff it is evident that since in

this case the measured components Fnn or Fff are quite small the cross-

talk in 146 feet should be approximately 2Fi. That this is the case

may be seen from the measured crosstalk in 146 feet which is about 6 db
higher than for 73 feet. These lengths are apparently short enough

for equations (15) and (16) to hold reasonably well at the lower

frequencies.
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Reference to equations (6) and (9) show that this tendency to cancel

is to be expected provided the second term of (6) is the controlHng

term in Fu Indeed, in lengths where the tertiary is electrically long,

equations (8) plus (9) should exactly cancel the second term of (6).

In other words, the total interaction crosstalk between two such sections

should cancel a portion of the interaction crosstalk within a section.

Since the portion which is cancelled is the controlling term the net

result is that when two sections are combined the total crosstalk in

length 2/ is no more than was measured in length /, as evidenced by the

measured curve Fi -\- Fnn + {Fi-\- F//) of Fig. 5.

This effect persists when two 3000-foot lengths are combined to

form a 6000-foot section, as illustrated by the curves of Fig. 6. Here
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turbing circuits are interchanged. The direct crosstalk component

would not exhibit this effect.

The results of tests on 6000 and 12,000-foot lengths are given in

Fig. 7. Again, the trend is in the same direction as in Figs. 5 and 6

except that in this case {Fi + F//) is nearly equal to Fi and has an

appreciable influence when the two components are combined to give

far-end crosstalk in 12,000 feet. This indicates that the first term of

Fi in equation (6) is becoming more important as / is increased as

would be expected.
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ponent Fnn is again negligible. This behavior indicates that the first

term of equation (6) is controlling as the length is increased.

It appears from all these tests that the magnitude of the far-end

crosstalk in this cable with tertiaries terminated does not vary ma-
terially from 1500-foot to 12,000-foot cable lengths, except for random
effects. In other words, for this range of lengths the second term of

(6) is controlling. For very short lengths the crosstalk varies directly

with length due to the absence of interaction crosstalk of sufficient mag-
nitude to exert any influence. Also, in going from 12,000 to 24,000

feet, there is a definite indication that the crosstalk is increasing with
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COMPUTED (ASSUMING CROSSTALK IN

ANY LENGTH IS DIRECTLY PROPOR-
TIONAL TO THAT IN 73 FEET)

FREQ.IN
KC

200 300 500 1000 2000
LENGTH IN FEET

5000 10,000

Fig. 9—Far-end crosstalk vs. length with tertiary terminated.

Near-End Crosstalk Summation

The curves on Fig. 10 show the amount of near-end crosstalk reduc-

tion due to the presence of the sheath and quads for a length of about

five miles. The upper curve was computed from tests on a 73-foot

length with tertiaries terminated by raising the values measured
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there by the factor

1 - e-2T^

2yl
'

where 1 = 73 feet and L = 5 miles. This is the crosstalk which

would exist in five miles in the absence of a sheath and quads.

The lower two curves were measured at opposite ends of the cable

and the difference of about 10 db between these curves and the upper

curve is due to the tertiary circuit effects. As might be expected from

the discussion of equation (21), this reduction is considerably less than

in the case of far-end crosstalk.

Interaction Crosstalk Between Sections

The methods of measuring the various types of interaction crosstalk

between two sections have already been discussed in reference to Fig. 2.

Besides showing the influence of interaction crosstalk in the summation

of crosstalk within a repeater section the results presented below are

indicative of the importance of interaction crosstalk which takes place

between repeater sections, that is, around repeaters, when all or only a

part of the tertiary is continuous at repeater points.

Values of near-end near-end interaction crosstalk, Fnn, were meas-

ured between various section lengths from 73 to 12,000 feet. It was

found that the results are roughly independent of the section lengths

above 1500 feet, and curve F„„ of Fig. 11 for the crosstalk measured

between two 12,000 foot sections is typical. This independence of

length is because of the high attenuation of the tertiary circuits which

annihilates the effects of crosstalk in the more remote portions of the

sections as may be seen from equation (8) if 74 is made large. The

relatively unimportant contribution of this type of interaction crosstalk

to the summation of far-end crosstalk within a repeater section has been

discussed.

Similarly, measured values of far-end far-end and near-end far-end

interaction crosstalk between various sections lengths were found to be

practically independent of length above 1500 feet. Curves F/f and

Nnf of Fig. 11 for the crosstalk between 12,000-foot sections are typical.

The far-end far-end component of interaction crosstalk has an im-

portant influence on the summation of far-end crosstalk within a

repeater section as already mentioned in the section on far-end cross-

talk summation. The influence of near-end far-end interaction cross-

talk Nnf, on the summation of near-end crosstalk within a repeater

section has not been very thoroughly investigated here but it is respon-
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sible for the results described in the discussion of near-end crosstalk in

a five-mile length."

The relative importance of various tertiary circuits in the production

of interaction crosstalk between two sections was studied for the case

of near-end near-end crosstalk between two 12,000-foot lengths. It

was found that the outer conductor-quads and outer conductor-sheath

circuits were about equally important and that crosstalk via the quad-

sheath tertiary circuit was from 20 to 30 db less. These results are

about as expected since the outer conductors are the source of the

100
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repeaters have practically the same phase shift and the propagation

characteristics of the two coaxials are nearly identical. One way to

prevent this direct addition is to transpose one section against another

or one group of sections against another group along the line. In the

case of unbalanced circuits these "transpositions" take the form of

transformers or extra tube stages in one of the systems at repeaters,

either of which will produce a 180-degree phase reversal.

If the far-end crosstalk in one transposition section is Fu and that in

another is F12 the total in the two sections, exclusive of interaction cross-

talk between sections, is inherently Fn + Fn. With a transposition in

one coaxial at the junction the total becomes Fn — Fn- Hence, if

Fn = F12 it is possible to eliminate this crosstilk component entirely.

However, due to irregularities in the cable and the practical impos-

sibility of locating repeater points exactly, Fn will not, in general,

equal F12 and even after transposing a small residual may remain.

This residual, however, may be negligible compared with the near-

end near-end and far-end far-end interaction crosstalk components

Fnn and F/f between repeater sections (that is, around repeaters),

unless transmission along the tertiary circuits from one repeater section

into another is suppressed at repeater points. The interaction cross-

talk tests already discussed may be used to compute this effect. How-
ever, in order to demonstrate the effectiveness of transpositions, far-end

crosstalk tests were made in a 24,000-foot length with and without a

transposition in one of the coaxials at the center and with various inter-

action crosstalk paths suppressed. The results are given in Figs. 12

to 14 and are discussed below.

To suppress entirely the interaction crosstalk between the trans-

posed sections all tertiary circuits were shorted at the transposition

point. In these measurements the tertiaries were also shorted at each

end of the line in an effort to have both ends of each half of the line

terminated as nearly alike as possible. The test results are given in

Fig. 12.
^

For this condition the crosstalk measured in each half of the line is

also shown. Curve AB represents the far-end crosstalk in one line

section and A'B' that in the other section. Curve {AB + A'B')

gives the results when the two sections are combined with no transposi-

tion. Curve {AB — A'B') gives the results when a transformer is

inserted in one coaxial at the center. (A similar set of curves are given

iov BA, B'A', etc.)

Note that AB and A'B' coincide very closely in magnitude. When
combined with no transposition the crosstalk in two sections is nearly

6 db higher over the entire frequency range than in either individual
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section. When combined with a transposition the crosstalk in two
sections is from 13 to 27 db below either individual section over the

frequency range. Such a reduction is possible only becauseAB andA'B'
are so nearly equal.
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In order to suppress only a portion of the interaction crosstalk

between two. sections, measurements were made with the coaxial

outer conductor-sheath circuit shorted at the transposition point thus

permitting continuity of the quad-outer conductor tertiary circuit.

This tertiary circuit had been shown previously to be an important
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at the center and when all tertiary circuits are continuous at the

transposition point and terminated at the ends. Curve {AB + A'B')

gives the results when the two sections are combined with no trans-

position. Curve (AB — A'B') shows the result when a transformer

is inserted in one coaxial at the junction. (A similar set of curves is

given for BA, B'A', etc.)

It is seen that in the 50-200 kc range there is an improvement in

overall crosstalk of from 3 to 8 db due to the transposition. However,
the overall crosstalk in the combined sections with a transposition is

not appreciably less than that in an individual 12,000-foot section as

shown by curve Fi on Fig. 8. Reference to Fig. 11 shows that this is

due mainly to the far-end far-end interaction crosstalk between the

two sections which is unaffected by the transposition.

The results shown in Fig. 12 give some indication of the extent to

which far-end crosstalk may be reduced by means of a transposition,

provided interaction crosstalk between sections is entirely suppressed.

As illustrated in Figs. 13 and 14 a transposition at a repeater point is

not nearly so effective if the interaction crosstalk is not suppressed.
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Compressed Powdered Molybdenum Permalloy for High

Quality Inductance Coils *

By V. E. LEGG and F. J. GIVEN

Molybdenum-Permalloy is now produced in the fprm of com-

pressed powdered cores for inductance coils. Its high permeability

and low losses make possible improved coil quality, or decreased size

without sacrificing coil performance. Its low hysteresis loss reduces

modulation enough to permit application where large air core coils

would otherwise be required.

Introduction

THE introduction of loading coils in the telephone system at about

the turn of the century brought special demands on magnetic and

electrical properties of core materials, and set in motion investigations

which have had wide influence on the theoretical and practical aspects

of ferromagnetism. The first step in this development led to cores of

iron wire, which sufficed for loading coils on circuits of moderate

length.^ With the development of telephone repeaters and the ex-

tension of circuits to transcontinental length some twenty-five years

ago, there arose need not only for loading coils, but also for network

coils, which would have high stability with time, temperature and

accidental magnetization. Magnetic stability was at first secured ^

by employing iron wire cores provided with several air gaps. Later,

commercial and technical considerations led to a core structure made
from compressed insulated powdered material, first electrolytic iron '

and later permalloy powder.^ This type of core is mechanically

stable; it intioduces in an evenly distributed fashion the requisite

air-gaps, while avoiding undesirable leakage fields ; and it sub-divides

the magnetic material so as to reduce eddy-current losses. Although

other means have been suggested,^' ^ no way has yet been devised which

provides these features so well and at so low a cost as the compressed

powdered type of core.

Loading coil cores made from electrolytic iron powder generally

satisfied the stability requirements for long lines, but on account of

their low magnetic permeability they were large and costly. The

search for materials with higher permeability and lower hysteresis loss

* Presented at Winter Convention of A.I.E.E., New York, N. Y., January 22-26,

1940.
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led to permalloy ^ which, by 1925, had been produced in powdered

form and fabricated into cores. This development provided coils for

voice frequency applications (loading coils and filter coils) which were

cheaper and yet superior electrically to those made from electrolytic

iron. These coils became available at a time when the telephone

plant was undergoing a very large extension of loaded cables. As a
result, large economies in cost and space were realized in the more than

six million coils involved in this plant expansion.

Iron powder, and later permalloy powder, ground to a finer size and
diluted to lower permeability than used in loading coils, also found

application in coils for oscillators, filters and networks of multiplex

carrier telephone and telegraph systems employing frequencies up to

30 kc* and in receivers for transoceanic radio telephone communication
employing frequencies up to approximately 60 kc' Permalloy powder
improved the electrical characteristics—particularly modulation—of

coils for use in high frequency circuits, because of its low hysteresis

losses.

Continued research for a powdered material having still better

intrinsic properties has recently made available new compressed powder
cores which permit further important gains in coils for voice-frequency

circuits and in coils for high-frequency carrier system applications.

The latter take on considerable significance at this time because they

play an important part in making practical for commercial use the

new broad-band carrier telephone systems intended for use on existing

open-wire and cable lines and on new types of cable. Again, therefore,

the advent of a new core material is well-timed to be of assistance in

further growth of the telephone system.

The development of this core material was based on the discovery ^°

that the addition of a small percentage of molybdenum to permalloy

increases its permeability and electrical resistivity, and decreases its

eddy current and hysteresis losses. Decreased losses are necessary for

improvements and economies for both voice and carrier frequency

operation. The increased permeability of this alloy is essential for the

improvement of voice-frequency coils. It is readily reduced to the

proper values for high-frequency coils by diluting the powdered mag-
netic material with insulating material before compressing into core

form. In this development many problems of alloy embrittlement,

pulverization, insulation and heat treatment had to be solved both on a

laboratory and factory scale. The alloy composition finally selected

as giving the best combination of desirable properties, contains ap-

proximately 2 per cent molybdenum, 81 per cent nickel, and 17 per cent

iron, and is designated as 2-81 molybdenum-permalloy. This new
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alloy is manufactured commercially by the Western Electric Company
for use in loading coils and filter coils.

Physical and Magnetic Characteristics

The raw materials and necessary embrittling agents " are melted

together and cast into ingots which are rolled to develop the desired

grain structure. The density of this alloy is 8.65 gm/cm^ The brittle

material is pulverized to the desired fineness and finally annealed to

soften the alloy particles before insulation and pressing into core form.

The distribution by weight of the particle sizes of a sample of 120-

mesh powder is given in Fig. 1, showing a root mean square size of 50
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light (0.5 micron). This thickness of insulating film may be shown to

rt
be approximately -

^^-^ , where r is the percentage of insulating ma-
6\J\)p

terial by volume, p is the packing factor of the magnetic material, and
/ is the r.m.s. particle diameter (assuming spherical particles).

A new type of ceramic insulation has been introduced with these

cores which fulfills the above requirements and which is more inert

than the previous type. This new insulating material is free from

water soluble residue. It thus eliminates the final washing treatment

which was required with the earlier type.

For applications where a low permeability is desired, non-magnetic

powder is added to further dilute the magnetic material. The permea-

bility of the finished core depends largely on the quantity, particle

size, and thoroughness of admixture of non-magnetic powder. Vari-

ous attempts to derive theoretical relations between core permeability

and dilution have been made,"'^^ but they generally fail in some

detail. An empirical representation of this relationship is found to be

H = niP or log fi = p log Hi,

where m is the intrinsic permeability of the magnetic material, and p
is the packing factor, or fraction of the core volume occupied by mag-

netic material. This equation is found to be valid for a wide range of

dilution, effected either by adding insulating material or by reducing

the load during core compression. However, the intrinsic permeability

must be determined experimentally for each type of particle, size

distribution, method of admixture of non-magnetic powder, and an-

nealing process. Figure 2 shows curves of permeability and percentage

diluting material vs. metallic packing factor. A permeability of 125

has been selected for most loading coil cores, while permeabilities of 14

and 26 have been chosen for two important types of high-frequency

filter coils.

A pressure of 100 tons/sq. in. is employed in forming molybdenum

permalloy cores, to attain proper density and mechanical strength.

The elTect of pressure on core density and strength is shown in Fig. 3

for cores having 2.5 per cent dilution. The tensile strength of diluted

cores is decreased somewhat ; for example, cores with 25 per cent non-

magnetic materials have a tensile strength of about 250 Ibs./sq. in.

In annealing the compressed cores to remove stresses incident to

pressing, it has been found that the insulating material remains intact

at a considerably higher temperature if oxygen is excluded. An im-

proved annealing treatment has therefore been introduced by which
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the cores are heated in an atmosphere of hydrogen, with the attain-

ment of high core permeability and low hysteresis loss. The ability

of the insulating material to withstand such a heat treatment testifies
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less permanent shift of permeability due to accidental strong magneti-

zation. Such variations have recently been overcome to a degree in

continuous cores made of hard rolled nickel-iron alloy sheet,® but they

have been found to be rather large immediately after strong magnetiza-

tion, decreasing slowly to tolerable limits only after two or three days.

With compressed powdered molybdenum-permalloy cores, permea-

bility shift due to strong magnetization is remarkably small even within

a fraction of a minute after the magnetization is released, and any
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small temperature range just below its Curie point, it has a negative

temperature coefficient several hundred times as large as the positive

coefficient of 2-81 molybdenum-permalloy. By choosing suitable

compositions and percentages of such compensating alloys, the net

temperature coefficient of permeability of a core can be adjusted to any
reasonable value, positive or negative, over a desired temperature

range. Figure 7 shows a permeability vs. temperature curve for a
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2-81 molybdenum-permalloy insulated to several permeabilities.

The low loss coefficients of the new material as compared with the best

previous materials are of importance from two standpoints. First,

core permeabilities as much as 50 per cent greater can be now utilized

in coils without increasing the total core loss resistance. Second, by

utilizing the same permeabilities, core loss resistances about 60 per cent

smaller can be obtained.

In many coil design problems, harmonic generation or modulation

assume controlling importance. The modulation factor m which

denotes the ratio of the generated third harmonic to the applied voltage

may be expressed as follows ^^

m = E3IE1 = 3ij,aB„J10Tr.

The low values of a obtained with the new material yield values of m
that are about 6 db and 20 db lower than possible with powdered

permalloy and electrolytic iron cores, respectively.

The wide range of core permeability available with this new material

permits a ready choice of the proper values of permeability and core

size to suit any particular needs. In the usual design problem the

following main requirements must be considered, in addition to pro-

viding the desired inductance.

1. D-C. Resistance, Re.

2. Coil quality factor, Q = wL/(i?, + RJ.
3. Modulation Factor, m.

4. Coil size (which depends directly on core size).

These requirements can not be satisfied independently however, as

fixing any two of them automatically fixes the values of the others.

In each case, a particular value of core permeability is required for the

proper fulfillment of the conditions. Appendix I lists the formulae es-

sential to the determination of these factors. Although these formulae

imply an entire freedom of choice of core permeability and size, it

becomes necessary for practical purposes to standardize on a limited

number of values of permeability and a limited number of sizes of core.

It is possible by the proper choice from these types to approach rather

closely to an ideal solution for each problem.

Improved Designs of Loading Coils

A study of alternate ways of utilizing the advantages ofTered by the

new material in coils for voice frequency loaded cables showed that the

greatest immediate benefit to the telephone plant would accrue from

making the new coils substantially duplicate performance character-

istics of previous designs. The new designs chosen are in fact better
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in most respects and have been made approximately 50 per cent

smaller in volume by using a molybdenum-permalloy core with a
nominal permeability of 125. Table II summarizes data comparing

TABLE II

Comparative Size and Weight Data of Typical New and Superseded Coils

Type of Coil
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resistance-frequency characteristics for typical coils. Figure 9 shows
the improved telegraph flutter ^^ characteristics of a commonly used

toll type coil.
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Aside from manufacturing economies, the reduction in coil size is of

importance to the Bell System from the standpoints of plant construc-

tion and installation. The size reduction is particularly important in

instances where only a few coils are required at a given point, as is the

case in program circuit loading. It is now practicable to enclose as

many as six coils, even of the larger size employed for loading program

circuits, directly in the cable splice at a loading point. This dispenses

with the need for conventional cases, and reduces both manufacturing

and installation costs. In the field of small complements using the

inexpensive lead sheath type of case construction, it is now possible to

furnish as many as 100 of the small exchange area coils whereas 15 was

the maximum number accommodated with the superseded coil design.

Table III gives comparative weights and volumes of typical cases

provided for potting exchange area and toll type coils.

TABLE III

Comparative Data on Representative Cases for New
AND Superseded Loading Coils

Type Cable
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obtain proper separation of the frequency bands of the various chan-

nels or to insure suitable transmission properties of the individual

channels. While these networks involve coils, condensers and crystals,

it is frequently the case that their size, cost and performance are de-

termined chiefly by the quality factor Q of the inductance coils. This

follows from the fact that Q values of coils are usually considerably

Fig. 11—New and superseded cases containing 200 exchange area coils.

lower than those obtainable readily in condensers and crystals. Ac-

cordingly, it is very desirable to have as high a value of Q as possible

economically. In addition, such coils must have low hysteresis

resistance to limit modulation, and a low temperature coefficient of

inductance to secure stability of attenuation or impedance charac-

teristics of the filters and networks.

Due to the improvements in these respects, molybdenum-permalloy

core coils can be used quite extensively in new types of carrier tele-
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phone systems In such systems for existing Hnes and cables, as

well as for projected new types of cables, those filters are of key im-

portance which separate individual message channels in the frequency

range from 3 to 108 kc. By using coils of powdered molybdenum-

permalloy insulated to permeabilities of 14 or 26, valuable economies

in space and cost of filters are realized. ^^-^^ Figure 14 shows a typical

coil employing a 14 permeability core designed for use in one of these

channel filters having its transmitted band in the vicinity of 108 kc,

Fig. 12—New and superseded cases containing six program loading coils.

together with a shielded solenoidal air core coil which might be em-

ployed for the same purpose. The molybdenum-permalloy coil has a

Q at 100 kc about twice that of the air core coil, yet it occupies ap-

proximately 1/10 as much space. The third order modulation prod-

ucts are approximately 80 db below the level of the normal channel

currents. This is considered to be tolerable from the standpoint of

interchannel crosstalk on circuits used for one-way transmission.

An inductance-temperature coefficient of about —20 X 10"^ per de-

gree F. has been chosen to compensate for the positive capacity-

temperature coefficient of associated condensers.
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In Fig. 15 data are presented illustrating the <2-frequency charac-

teristics that can be obtained on typical coil designs using the new

material in the frequency range from 300 cycles to 200 kc. The

characteristics shown apply to coils wound on three sizes of cores that

Fig. 13—Comparative size of equivalent 1939 and 1922 cases.

are suitable for use in this range. For comparison, similar charac-

teristics are also included for coils using cores of equal size but made

of permalloy and electrolytic iron powder. These data include all

effects on Q resulting from winding capacities and losses, which have
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been made tolerably small by suitable choice of insulating materials,

stranding of conductor and configuration of winding.

Conclusion

Compressed powdered cores of 2-81 molybdenum-permalloy have

properties which are superior to those of earlier powdered cores in

respect to permeability range, hysteresis loss and eddy current loss.

Because of the lower losses and greater permeability range, inductance

coils are now possible which have greatly increased Q values for a given

volume. Because of the low hysteresis losses and attendant lowering

Fig. 14—Comparative size of non-magnetic core and molybdenum
permalloy core filter coils.

of modulation effects to tolerable levels, magnetic core inductance

coils can now be employed where non-magnetic core coils have pre-

viously been necessary, with a very great increase in Q values for a

given volume. Temperature coefficients can now be obtained which

are equal to the temperature coefificients of other high grade electrical

elements such as mica condensers and quartz crystals. Moreover, the

ability to make the temperature coefficient of coils negative or positive

at will permits the attainment of remarkable stability in resonant

combinations of coils and condensers. Two important applications

have been made in the field of communication apparatus. For voice-

frequency circuits, new loading coils of improved quality and reduced
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size have been standardized. For broad band carrier systems, the

compactness of channel separating filters is largely due to the volume

economies introduced by molybdenum-permalloy coils.

APPENDIX

The following formulae illustrate the essential steps in selecting the

size and permeability of an annular core best suited for a coil having

a desired set of characteristics. For sake of simplicity, they assume

throughout a coil of arbitrarily chosen proportions, in which all

dimensions bear fixed ratios to the mean core diameter, and approxi-

mating those that are practicable from a manufacturing standpoint.

The core is assumed to be rectangular in section. It is assumed that

wire of any diameter can be used and that the winding efficiency is

independent of the wire diameter. Any inductance due to air space

outside of the core is neglected. Because of these simplifications, the

expressions are of somewhat restricted applicability. However, they

yield solutions for optimum permeability and corresponding values of

Q and core size which are sufficiently accurate for most practical

purposes.

The inductance in henrys due to a core of permeability n, and mean

diameter d cm., wound with N turns of wire is

(1) L =
I
iVW X 10-9.

If the coil is wound with wire of resistivity pe ohm-cm., with winding

efficiency 5 (i.e., the ratio of copper area to total available winding

area), the direct current resistance in ohms will be

... „ 19pcL X 10^

The maximum flux density due to sine wave measuring current of

effective value / amperes is

(3) -^^ - T \ M'

In terms of the hysteresis loss coefficient k^ = /xa, the modulation

factor thus becomes ^^

(4) m =

or

£3 ^hBm ^k^I SfiL X 10^

£1 IOtt 257r \ d^

(5) d'^3fxLX10'(^Y-
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When the core permeability ix is reduced by dilution of a given

material, the hysteresis and residual loss coefficients a and c vary so

as to make the products ixc = ki and fxa — ki approximately constant,

as may be seen by reference to Table I. The core loss resistance in

ohms at frequency /cycles per second may therefore be expressed with

reasonable accuracy as

(6) Rm = Lfikr + k^Bm + fief) =Lf(k,-\- ^^ + ^ef) ,

where the eddy current coefficient e depends upon the particle diameter

/, and the alloy resistivity p being proportional ^^ to t^/p.

The coil quality factor is thus

(7) n = '^'^^^ - ^^-^

Re + R„ 19p, X 109 >. / - lOmTT

Sfjid^
+f{h+'^ + ,ej)

Case I: If the value of m is fixed and d and Re can be freely chosen,

it is desirable to know the value of n which will yield the highest

possible value of Q. By substituting in (7) the value of d"^ obtained

from (5) and setting the derivative with respect to ^ equal to zero, the

following is obtained for the optimum permeability

:

fr.. , ,^8 _ 52.5 X lO^Vm^

The corresponding values of d and Re can be obtained from equations

(5) and (2). The corresponding value of Q, which is the greatest

obtainable under these conditions is

(9) (3'n.ax =— + y + 5M^/

If a smaller value of Q than that obtained from (9) is acceptable,

equations (7) and (5) can be solved simultaneously for d and fx. A
smaller value of n than that obtained from (8) and a correspondingly

smaller value of d will result.

Case II: If modulation is unimportant and the hysteresis loss re-

sistance is negligible in comparison with other component losses, then

d and ju can be selected without regard to modulation. Equation (7)

can be differentiated directly and solved for the permeability required

to yield the maximum value of Q. This optimum permeability is

(\(\\ ( //\o 19pc X lU
^^^^ ^^ ^" = sedT '
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The corresponding value of Q is

The values of (3"max and /j," depend on the value of d chosen. For a

desired value of Q, (11) can be solved for fx", and (10) for the corre-

sponding diameter.

In any case, the ideal wire size has a cross-sectional area of conductor

equal to

^/^OASsd^ -xj-
J

cm-.

It is usually desirable to subdivide the wire into insulated strands to

minimize eddy current losses in the coil winding.
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High Accuracy Heterodyne Oscillators

By T. SLONCZEWSKI

The accuracy of a heterodyne oscillator after the low frequency
check is made is of the same order of magnitude as that of an
ordinary type of oscillator in which circuit elements of the same sta-

bility are used. It depends on the constants of the variable fre-

quency oscillator only. This accuracy can be improved by a ratio

of 10 to 1 by adding another and higher check frequency. The
temperature coefficient of the circuit elements can be kept down to

less than 6 parts per million. Scale errors can be reduced to a value

comparable with the oscillator accuracy by spreading the scale.

A precision oscillator having a frequency range up to 150 kc. and
an accuracy of zh 25 cycles including a scale mechanism whereby
a large scale spread is obtained on a direct reading scale is described.

Introduction

'"T^HE output frequency of a heterodyne oscillator is obtained by
-- modulating the outputs of two oscillators of appreciably higher

frequency, one of the oscillators having a fixed frequency, the other

being continuously variable over a band width equal to the required

output frequency range.

The circuit consists essentially of the two so-called local oscillators,

the modulator, where the difference frequency is generated, and an

amplifier where the modulator output is raised to the desired level.

The earliest designs of heterodyne oscillator were confined to the

audio frequency range, but recently carrier-frequency applications

have become more numerous. As the frequency range of the oscilla-

tors has increased, their per cent accuracy requirement has increased

also. The required frequency accuracy of the oscillator is determined

by the maximum slope of the frequency characteristic of the apparatus

being measured. If this slope is great, as in the case of a sharply

tuned circuit a relatively small displacement of the frequency will re-

sult in a large error in the value to be measured. In carrier-frequency

systems where the signal is displaced upwards in the frequency scale

by modulation, each channel has to meet same crosstalk and transmis-

sion requirements independent of its location in the carrier band.

Therefore, the maximum slope of the characteristics is independent of

the frequency and an oscillator used for measuring purposes has to

meet a constant frequency error requirement. In addition the accur-

407
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acy required when expressed in cycles is comparable with that of audio-

frequency oscillators so that the percentage accuracy must be much
higher.

The advantages of the heterodyne oscillator have made it desirable

to study its sources of error to determine whether such an oscillator

can be designed to have sufficient accuracy for these applications.

Oscillators With a Single Frequency Check

The frequency of a heterodyne oscillator is given by the expression

:

F=f'-f, (1)

where we will assume /' to be constant and / to be variable and less

than /' whence the frequency of the variable frequency oscillator is

lowered as the output frequency of the heterodyne oscillator is raised.

The value of F is usually much smaller than either/' or/ and rela-

tively small frequency shifts in the local oscillators produced by aging

and temperature effects upon the elements of their resonant circuits

and changes in vacuum tubes and in the stray capacitances of the

circuits produce large relative variations in the output frequency.

Usually the stability required of F and the ratio f'/F are so high that

it is impracticable to design local oscillators of sufficient stability to

meet requirements. Instead, in all heterodyne oscillators an adjust-

ment in the form of a padding condenser in the circuit of the fixed

frequency oscillator is used, whereby its frequency is adjusted shortly

before the measurement until the oscillator reads correctly at the bot-

tom of its frequency range. The adjustment is made by the zero beat

method or by comparison with a low-frequency standard such as a

vibrating reed or the 60-cycle power supply.

At the time of the adjustment the frequency of the oscillator is

Fo=f' - fo, (2)

where fo is the value of / at the check frequency Fo. Eliminating /'

between (1) and (2) we obtain

F=Fo+(fo-f). (3)

The frequency of the variable oscillator may be expressed as

/= l/(27rVL(C+ O), (4)

where Ca is the change in the variable air condenser capacitance from

the value it has at fo, and Co is essentially the value of the fixed con-
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denser, usually a good mica unit. L is the inductance of the resonant

circuit.

Combining (3) and (4) we get

F = Fo+ \I{2tv4LCo) - l/(27rVL(C + CJ). (5)

The accuracy of the oscillator will depend on the variations in the

values of Fo, L, Co and Ca and is independent of the constants of the

fixed frequency oscillator.

By giving increments AFo, ACo, ACa and AL to the constants Fo,

Co, Ca and L we obtain after simplifying the expressions

^Ffo = AT^o,

^Co
AFco =

2C fo 1-1 +

Fo F
1 + — — -^ fo fo

Fo

Fo_l
fo f

1 -

AL
" 2L

^ fo fo

{F - Fo),

(6)

(7)

(8)

(9)

giving the corresponding frequency errors AF where /o = l/{2TyLCg)

is the variable oscillator frequency at the check frequency Fo.

A variation in Fo will produce an error constant over the whole

frequency range. On Fig. 1 the other errors are found plotted in

parametric form. To find the error AF corresponding to a frequency

F the ordinate y corresponding to the value oi x = {F — Fo)/ifo)

should be found. Then

AFca = yCafoACa/Ca] AFco = ycoACo/Co] AFl = yifoAL/L.

It is found that Fo can be neglected in all practical cases. The ratio

of the ordinate to the abscissa gives the percentage error in frequency

caused by a one per cent variation in the element involved.

An examination of the curves shows that they differ only slightly

from straight lines which can be interpreted as meaning that the errors

are fairly independent of the choice of fo. This constant should be

chosen therefore sufficiently low to require infrequent adjustment at

the low-frequency end of the scale. For low values of /<, such that

X > .3 difficulties in shaping of the air condenser plates and in designing

the modulator filter begin to appear. If the errors in an ordinary type

of oscillator due to capacitance and inductance variations were plotted

on the same set of coordinates the curves would coincide with the line
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jL- This means that if elements of the same accuracy were used, the

heterodyne oscillator would be somewhat more accurate. Its total

error would be represented by jca + Jco -\- Jl- Since ^CajCa and

ACo/Co will be both positive and of about the same order of magnitude

partial compensation will obtain and the error will be of the order of
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Oscillators With a Double Frequency Check

For carrier frequency applications the tolerable error takes a con-

stant value over the entire frequency range and it is found that if a

single frequency check is used it is not possible to obtain sufficiently

stable elements to maintain the required accuracy at points on the

scale removed from the check frequency.

An increase in the accuracy of heterodyne oscillators has been ob-

tained, however, by adding an adjustable condenser to Co and checking

the oscillator at two frequencies, the low frequency i^o.and at another,

higher, frequency Fs. Adjustment of this condenser by ACo introduces

a frequency change

—

ycofo^Col2Co adjustable in sign and magnitude

and this can be made to cancel the error AFca + ^Pl for at least one

frequency, the check frequency F^. Obviously if the adjustment is

made to correct for variations in Co no residual error remains. The

residual errors which remain after correcting for Ai^ca and AF/, are

shown on Fig. 2. The residuals of AFco and AFl differ from each other
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check frequency would be :!Cs = .2. A good practical limit to x is at

1.9 and here a value of Xs around .15 is best. A further improvement
of about 50 per cent could be obtained by choosing a higher value of Fo.

When comparing Fig. 2 with Fig. 1 it should be borne in mind that

the scale spread for y on Fig. 2 is ten times that of the Fig. 1 which

shows that an improvement in accuracy of at least ten to one is obtained

by the adjustment. This means, that given two frequency standards

Fo and Fs of sufficient accuracy a heterodyne oscillator can be built

having a much higher accuracy than an ordinary oscillator having the

same frequency range and same quality of circuit elements. This is

somewhat contrary to what we are accustomed to think.

04
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Stability of the Constants

Having determined the oscillator errors from the variations in its

constants it will be of interest to inquire how large these may be.

When the zero beat method is used the error AFpo will depend on

the value of the lowest beat frequency at which the local oscillators

can operate. With a reasonable amount of shielding and some pre-

cautions in order to avoid mutual inductance in wiring loops it is quite

practicable to keep this error below one cycle with local oscillators as

high as 200 kc. The beat frequency may be observed- on an ammeter

placed in the plate circuit of the modulator. When alternating current

from the power mains is used as a standard the accuracy is better than

one cycle.

There are now available external frequency standards against which

the high frequency check could be made which have such high accuracy

that the resulting error in the heterodyne oscillator can be entirely

neglected. It is desirable, however, to make the oscillator independent

of external sources for its adjustment. A convenient checking circuit

consists of a quartz crystal which is thrown in with a key across the

grids of the output amplifier. At the series resonance frequency of the

crystal the loss introduced reduces the output so sharply that the

minimum output can be observed within 3 cycles at 100 kc. At any

other frequency the error is therefore 30 ppm (parts per million). By
using properly cut crystals the temperature variation error is made

negligible.

The variations in L are chiefly due to temperature variations.

Ordinary potted coils having a large number of layers have temperature

coefficients up to 20 parts per million per degree Fahrenheit. The

variation is chiefly due to the expansion of the wire.

This error is tolerable in audio frequency oscillators for most pur-

poses. For carrier frequency oscillators unpotted coils having a single

layer bank winding wound on a phenol plastic form may be used. Here

the lengthwise expansion of the form, which tends to decrease the

inductance partly compensates for the expansion of the winding which

tends to increase the inductance. Coefficients from to + 6 ppm per

°F. are obtained.

The capacitance Ca in commercial air condensers has temperature

coefficients of up to 25 ppm per °F. This, again, gives sufficient ac-

curacy for audio frequency oscillators but is not satisfactory for carrier

applications. The variations in capacitance with temperature are

produced by increase in area of the plates with their expansion which

increases by an amount equal to twice the linear coefficient of expansion

of the material used. This change is partly compensated by the length-
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ening of the air-gaps. When, as usual, several materials are used in the

construction, bending of the stator plates due to strains introduced by

unequal expansions of the members produce unpredictable changes in

capacitance. This is particularly true in the most common construc-

tion where the stators are held in place by rods of insulating material.

The insulator having a different temperature coefficient of expansion

than the plates, the difference in the expansion causes the plates to

buckle.

Better stability can be obtained in a condenser built as follows. All

parts determining the length of the condenser, including the stator

supports and the stator plates are of aluminum. The ends of the

stator supports are held in place by insulating bushings of sufficiently

small dimensions to make the difference in expansion negligible. The

bushings are made of Alsimag, a ceramic material which has a small

dielectric constant and coefficient of dielectric constant.

With such a construction, the ternperature coefficient of the con-

denser is equal to twice the temperature coefficient of expansion of the

material of which the rotor plates are made minus the temperature

coefficient of linear expansion of aluminum determining the length of

the air-gaps. One half of the rotor plates are made of invar and one

half of aluminum. The average expansion of the area of the rotor

plates equals then the temperature coefficient of linear expansion of

aluminum and the temperature coefficient of capacitance of the con-

denser should be equal to the temperature coefficient of air dielectric

constant which is about 1 ppm per °F. negative. Measurements show

that the temperature coefficient of the condenser varies from — 3 to

-f 4 ppm per °F., a quite acceptable value. The capacitance change

due to a variation in the atmospheric pressure of one inch, a large

variation, is 20 ppm.

Temperature coefficients, of paraffined mica condensers, can be ad-

justed by special manufacturing methods to 10 ppm negative. For the

sake of increasing the instantaneous stability the two condensers used

in each oscillator are paired within 3 ppm. As mentioned before, no

residual error due to A Co remains after the frequency check is made.

The low temperature coefficients are desirable only to improve the

stability of the oscillator.

By using high Q circuits and suitable corrective reactances, the

variations in the frequency due to power line variations may be readily

kept smaller than any one of the other errors discussed above.

Scale Errors

A heterodyne oscillator cannot be classified as a purely electrical

circuit for it is used to translate a mechanical coordinate, the scale
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setting, into an electric coordinate, the output frequency. In planning

the oscillator design, therefore, it is necessary to give as much attention

to the construction of the scale as to the construction of the circuit

elements.

For maximum scale length economy the scale should be so subdivided

that a frequency interval equal to the tolerable frequency error AF
could be read. The scale interval A/ corresponding to this frequency

interval, will vary with the measuring conditions. For well illuminated

scales on panel mounted equipment to be read conveniently at arm's

length an interval A/ of at least .05" is needed. For portable apparatus,

intervals as small as .02" have been used. With the aid of a vernier it

can be brought down to .001". Scale spreads such that a frequency

interval much smaller than hF can be read are not only uneconomical

but are also objectionable because they encourage the use of the

instrument beyond its accuracy limits.

Having chosen A/ and the frequency error AF at all points of the

scale, the scale shape / = f{F) can be determined by the approximation

Jo ^F'

As an example, in audio frequency applications the most common
form of frequency accuracy desired is that having a constant percentage

value AF/F — p at the upper part of the scale. At lower frequencies

this accuracy is higher than necessary and the requirement is changed

to a constant AFo. A smooth shape is obtained by making the transi-

tion point Ft at such a frequency that AFo/Ft — p. The scale shape

is then approximately

and

*Ft

f'=
' ik""-^." f- ^<^'

The scale of common type of audio frequency oscillator can be

spread over a ten inch dial giving a satisfactory accuracy.

For carrier applications, where the spread of any voice band is inde-

pendent of its position in the frequency range the error function takes

the form of a constant and the scale should be linear. Usually the

scale lengths involved are much larger than in audio oscillators. To
obtain sufficient scale length a precision worm and gear mechanism
has to be used to drive the tuning condenser of the heterodyne oscilla-
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tor. It gives a scale length of 300 inches, the equivalent of a 5-foot

dial and can duplicate settings to better than one part in 10,000.

One detail of construction of such long scales deserves mention.

Commercial worm driven air condensers carry on the worm shaft a

drum or a dial on which fractions of a revolution of the worm shaft are

recorded, while the number of revolutions is recorded on a main dial

fixed on the rotor shaft. The effective scale length is then equal to the

total displacement of the periphery of the small dial or drum. Using

such a construction the oscillator has to be set by consulting a calibra-

tion chart where the position of the main dial and of the worm shaft is

recorded against the oscillator frequency. Thus one of the most

valuable properties of the short scale audio frequency oscillator, its

direct reading, is lost.

To remedy this situation a special scale mechanism has been de-

veloped for carrier frequency oscillators which combines great scale

length with good spread and compactness. It consists of a long motion

picture film strip engaged by a two inch film sprocket mounted in place

of the conventional drum on the worm shaft. The rotation of the

shaft determines the displacement of the film against an index which

reads the frequency directly in kilocycles. The loose ends of the

strip are wound up on two spools interconnected by a spring mechan-

ism which takes up the slack. The whole mechanism is confined in a

space about 4" by 5" by 5" accommodating a scale length up to 450

inches with a scale spread corresponding to A/ = .05".

Specific Application

An example of application of these methods in the design of a

heterodyne oscillator is furnished by an oscillator built for use in con-

nection with the installation and maintenance of broad band transmis-

sion systems. It is shown on Fig. 4.

It has a frequency range of from 1 to 150 kc. Its variable frequency

oscillator covers a range of from 500 to 650 kc. This was chosen as

low as possible to obtain good instantaneous stability, but high enough

not to introduce difficulties in designing the filter following the modu-

lator. The capacitance of the air condenser is about 800 ^u/xf. From
the circuit design standpoint a larger capacitance would be desirable,

but for the stability required the overall size of the condenser sets an

upper limit to the capacitance. The frequency and air condenser

capacitance values determine the value of the fixed condenser at 1000

mmf and the coil inductance at 50 microhenries. The fixed oscillator

is similar to the variable oscillator except for the omission of the vari-

able air condenser.
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The frequency setting is recorded on a 300-inch film scale such as

described above. This gives a spread of two inches per kilocycle.

With the 50-cycle divisions marked directly the mechanism can be

readily set to an accuracy better than 25 cycles. The visibility of the

scale is greatly enhanced by a pilot lamp placed in back of the scale

Fig. 4—Front view of the oscillator.

window with an intervening opal glass. A crank on the front of the

panel is used to set the oscillator, the range being covered in 47 revolu-

tions. When changing the frequency setting even at a moderate rate

the speed with which the film moves prevents the operator from observ-

ing the frequency setting. To make the adjustment more convenient,

a coarse scale is recorded on a dial which can be read easily to one
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kilocycle while the mechanism is in motion. It can be seen under the

hood in the center of the panel.

Below the coarse frequency dial is seen a small dial connected to a

variable condenser which permits the operator to vary the frequency of

the oscillator up to ± 50 cycles from the frequency to which it is set

and to read the frequency change with an accuracy of about 3 cycles.

This feature is found to be useful in locating peaks of frequency char-

acteristics of sharply resonant circuits.

The frequency checks are made by operating a key which throws the

oscillator output across a telephone switchboard lamp and a 100 kc

crystal across the grid of the output stage. For the low frequency

check another key superposes the 60 cycles power main frequency on

the oscillator output and a screwdriver adjustment operating a con-

denser in the fixed oscillator adjusts the oscillator frequency to syn-

chronism with the scale set at 60 cycles. For the high frequency check

a minimum signal is obtained on the lamp with the scale set to 100 kc

by adjusting a padding condenser in the variable oscillator.

In the modulator a pentode type vacuum tube is used, which has a

control grid-plate current characteristic which over nearly the entire

region from zero bias to cut-off approaches a parabola so closely, that

where modulation products lower than 40 db down on the useful out-

put can be neglected, only first and second modulation products need

be considered. The bias is placed in the middle of the parabolic range

and t"he two input signals are adjusted to equality and to a value

covering the entire parabolic range. This gives the maximum useful

modulation output necessitating the smallest amount of gain in the

output stage at little sacrifice in efficiency. The modulator being

parabolic, the only products of modulation other than the useful output

are the two high frequency input signals, their harmonics and sum

frequencies. These are eliminated from the output by inserting a filter

between the modulator and the output stage. Advantage is taken of

phase discrimination since the circuit is arranged in push-pull to de-

crease the filter requirements for some of the products, which are

generated in phase.

The plate supply is obtained from a rectifier operating on the 60-cycle

main supply. It is provided with a vacuum tube regulator circuit

which keeps the plate and screen voltages constant over a ± 5 volt

variation of the power line voltage. The output control is obtained

by means of a potentiometer in the output amplifier input. Two out-

put impedances, 600 and 135 ohms, may be selected by operating a key.

The apparatus is mounted on a standard 19-inch panel 28 inches high.

The bottom, the coolest part, is occupied by the oscillators; the middle
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by the modulator and amplifier; and the top by the power pack. Per-

forations in the oscillator cover provide ventilation to reduce warm-
ing-up effects. A close-up giving the details of the scale mechanism

and the shielding is shown on Fig. 5.

Fig. 5— Details of the scale mechanism.

Tests on the oscillator show that the overall frequency accuracy

throughout its range can be maintained to dz 25 cycles. The har-

monics are down 40 db from the fundamental at 100-milliwatt output.

With the full output of one watt the harmonics are 30 db down. The

total output variation with frequency is shown on Fig. 3.

This oscillator has found a wide range of applications as an accurate

source of frequency in the communications field.

List of Symbols

F output frequency of the heterodyne oscillator

Fo standard frequency used to check the oscillator at the

low end of the scale
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Fs standard frequency used to check the oscillator at the

high end of the scale

Ft frequency at which the scale changes from linear to

logarithmic

/ length of the scale interval from to F
/ frequency of the variable oscillator

/' frequency of the fixed oscillator

fo frequency of the variable oscillator at the setting

F^ Fo

L inductance in the resonant circuit of variable oscillator

C total capacitance in the resonant circuit of variable

oscillator

Co total capacitance in the resonant circuit of variable

oscillator when set to 7^ = Fo

Ca = C — Co capacitance change in the air condenser

AFo variation in the standard frequency Fo

ACa variation in Co.

ACo variation in Co

AL variation in L
Al smallest readable scale interval

p relative frequency error AF/F
AF error in F

AFfo error in F caused by AFo

AFco error in F caused by ACo

AFca error in F caused by ACa
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Relations Between Attenuation and Phase in

Feedback Amplifier Design

By H. W. BODE

Introduction

THE engineer who embarks upon the design of a feedback amplifier

must be a creature of mixed emotions. On the one hand, he

can rejoice in the improvements in the characteristics of the structure

which feedback promises to secure him.^ On the other hand, he

knows that unless he can finally adjust the phase and attenuation

characteristics around the feedback loop so the amplifier will not

spontaneously burst into uncontrollable singing, none of these ad-

vantages can actually be realized. The emotional situation is much
like that of an impecunious young man who has impetuously invited

the lady of his heart to see a play, unmindful, for the moment, of the

limitations of the $2.65 in his pockets. The rapturous comments of

the girl on the way to the theater would be very pleasant if they were

not shadowed by his private speculation about the cost of the tickets.

In many designs, particularly those requiring only moderate amounts

of feedback, the bogy of instability turns out not to be serious after all.

In others, however, the situation is like that of the young man who
has just arrived at the box office and finds that his worst fears are

realized. But the young man at least knows where he stands. The
engineer's experience is more tantalizing. In typical designs the loop

characteristic is always satisfactory—except for one little point. When
the engineer changes the circuit to correct that point, however, diffi-

culties appear somewhere else, and so on ad infinitum. The solution

is always just around the corner.

Although the engineer absorbed in chasing this rainbow may not

realize it, such an experience is almost as strong an indication of the

existence of some fundamental physical limitation as the census which

the young man takes of his pockets. It reminds one of the experience

of the inventor of a perpetual motion machine. The perpetual mo-
tion machine, likewise, always works—except for one little factor.

Evidently, this sort of frustration and lost motion is inevitable in

^ A general acquaintance with feedback circuits and the uses of feedback is as-
sumed in this paper. As a broad reference, see H. S. Black, "Stabilized Feedback
Amplifiers," B. S. T. J., January, 1934.
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feedback amplifier design as long as the problem is attacked blindly.

To avoid it, we must have some way of determining in advance when

we are either attempting something which is beyond our resources,

like the young man on the way to the theater, or something which is

literally impossible, like the perpetual motion enthusiast.

This paper is written to call attention to several simple relations

between the gain around an amplifier loop, and the phase change

around the loop, which impose limits to what can and cannot be done

in a feedback design. The relations are mathematical laws, which in

their sphere have the same inviolable character as the physical law

which forbids the building of a perpetual motion machine. They show

that the attempt to build amplifiers with certain types of loop char-

acteristics must fail. They permit other types of characteristic, but

only at the cost of certain consequences which can be calculated. In

particular, they show that the loop gain cannot be reduced too ab-

ruptly outside the frequency range which is to be transmitted if we

wish to secure an unconditionally stable amplifier. It is necessary to

allow at least a certain minimum interval before the loop gain can be

reduced to zero.

The question of the rate at which the loop gain is reduced is an im-

portant one, because it measures the actual magnitude of the problem

confronting both the designer and the manufacturer of the feedback

structure. Until the loop gain is zero, the amplifier will sing unless the

loop phase shift is of a prescribed type. The cutoff interval as well

as the useful transmission band is therefore a region in which the

characteristics of the apparatus must be controlled. The interval

represents, in engineering terms, the price of the ticket.

The price turns out to be surprisingly high. It can be minimized

by accepting an amplifier which is only conditionally stable.^ For the

customary absolutely stable amplifier, with ordinary margins against

singing, however, the price in terms of cutofif interval is roughly one

octave for each ten db of feedback in the useful band. In practice,

an additional allowance of an octave or so, which can perhaps be re-

garded as the tip to the hat check girl, must be made to insure that the

amplifier, having once cut off, will stay put. Thus in an amplifier

with 30 db feedback, the frequency interval over which effective con-

trol of the loop transmission characteristics is necessary is at least four

octaves, or sixteen times, broader than the useful band. If we raise

the feedback to 60 db, the effective range must be more than a hundred

times the useful range. If the useful band is itself large these factors

^ Definitions of conditionally and unconditionally stable amplifiers are given on

page 432.
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may lead to enormous effective ranges. For example, In a 4 megacycle

amplifier they indicate an effective range of about 60 megacycles for 30

db feedback, or of more than 400 megacycles if the feedback is 60 db.

The general engineering implications of this result are obvious. It

evidently places a burden upon the designer far in excess of that which

one might anticipate from a consideration of the useful band alone.

In fact, if the required total range exceeds the band over which effective

control of the amplifier loop characteristics is physically possible, be-

cause of parasitic effects, he is helpless. Like the young man, he

simply can't pay for his ticket. The manufacturer, who must con-

struct and test the apparatus to realize a prescribed characteristic over

such wide bands, has perhaps a still more difficult problem. Un-
fortunately, the situation appears to be an inevitable one. The
mathematical laws are inexorable.

Aside from sounding this warning, the relations between loop gain

and loop phase can also be used to establish a definite method of

design. The method depends upon the development of overall loop

characteristics which give the optimum result, in a certain sense, con-

sistent with the general laws. This reduces actual design procedure to

the simulation of these characteristics by processes which are essen-

tially equivalent to routine equalizer design. The laws may also be

used to show how the characteristics should be modified when the

cutoff interval approaches the limiting band width established by the

parasitic elements of the circuit, and to determine how the maximum
realizable feedback in any given situation can be calculated. These

methods are developed at some length in the writer's U. S. Patent No.

2,123,178 and are explained in somewhat briefer terms here.

Relations Between Attenuation and Phase in

Physical Networks ^

The amplifier design theory advanced here depends upon a study of

the transmission around the feedback loop in terms of a number of

general laws relating the attenuation and phase characteristics of

physical networks. In attacking this problem an immediate difficulty

presents itself. It is apparent that no entirely definite and universal

^ Network literature includes a long list of relations between attenuation and
phase discovered by a variety of authors. They are derived typically from a Fourier
analysis of the transient response of assumed structures and are frequently ambigu-
ous, because of failure to recognize the minimum phase shift condition. No attempt
is made to review this work here, although special mention should be made of Y. W.
Lee's paper in the Journal for Mathematics and Physics for June, 1932. The proof
of the relations given in the present paper depends upon a contour integration in the
complex frequency plane and can be understood from the disclosure in the patent
referred to previously.
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relation between the attenuation and the phase shift of a physical

structure can exist. For example, we can always change the phase

shift of a circuit without affecting its loss by adding either an ideal

transmission line or an all-pass section. Any attenuation characteris-

tic can thus correspond to a vast variety of phase characteristics.

For the purposes of amplifier design this ambiguity is fortunately

unimportant. While no unique relation between attenuation and

phase can be stated for a general circuit, a unique relation does exist

between any given loss characteristic and the minimum phase shift

which must be associated with it. In other words, we can always add

a line or all-pass network to the circuit but we can never subtract such

a structure, unless, of course, it happens to be part of the circuit

originally. If the circuit includes no surplus lines or all-pass sections,

it will have at every frequency the least phase shift (algebraically)

which can be obtained from any physical structure having the given

attenuation characteristic. The least condition, since it is the most

favorable one, is, of course, of particular interest in feedback amplifier

design.

For the sake of precision it may be desirable to restate the situations

in which this minimum condition fails to occur. The first situation is

found when the circuit includes an all-pass network either as an indi-

vidual structure or as a portion ofja network^which can be replaced by

an all-pass section in combination with some other physical structure.*

The second situation is found when the circuit includes a transmission

line. The third situation occurs when the frequency is so high that

the tubes, network elements and wiring cannot be considered to obey

a lumped constant analysis. This situation may be found, for example,

at frequencies for which the transit time of the tubes is important or for

which the distance around the feedback loop is an appreciable part of

a wave-length. The third situation is, in many respects, substantially

the same as the second, but it is mentioned separately here as a matter

of emphasis. Since the effective band of a feedback amplifier is much

greater than its useful band, as the introduction pointed out, the con-

siderations it reflects may be worth taking into account even when

they would be trivial in the useful band alone.

It will be assumed here that none of these exceptional situations is

found. For the minimum phase condition, then, it is possible to derive

* Analytically this condition can be stated as follows: Let it be supposed that the

transmission takes place between mesh 1 and mesh 2. The circuit will include an

all-pass network, explicit or concealed, if any of the roots of the minor A12 of the

principal circuit determinant lie below the real axis in the complex frequency plane.

This can happen in bridge configurations, but not in series-shunt configurations, so

that all ladder networks are automatically of minimum phase type.
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a large number of relations between the attenuation and phase char-

acteristics of a physical network. One of the simplest is

fU — Bdu {A^ - ^o), (1)

where u represents log///o, /o being an arbitrary reference frequency,

B is the phase shift in radians, and A% and A^ are the attenuations in

nepers at zero and infinite frequency, respectively. The theorem

states, in effect, that the total area under the phase characteristic

plotted on a logarithmic frequency scale depends only upon the differ-

ence between the attenuations at zero and infinite frequency, and not

upon the course of the attenuation between these limits. Nor does it

depend upon the physical configuration of the network unless a non-

minimurn phase structure is chosen, in which case the area is necessarily

increased. The equality of phase areas for attenuation characteristics

of different types is illustrated by the sketches of Fig. 1.
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theorem. It reads as follows:

B
dA
du

log coth -x-du, (2)

where B(fc) represents the phase shift at any arbitrarily chosen fre-

quency fc and u = logflfc. This equation, like (1), holds only for

the minimum phase shift case.

Although equation (2) is somewhat more complicated than its

predecessor, it lends itself to an equally simple physical interpretation.

It is clear, to begin with, that the equation implies broadly that the
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Fig. 2—Weighting function in loss-phase formula.

phase shift at any frequency is proportional to the derivative of the

attenuation on a logarithmic frequency scale. For example, if dA/du

is doubled B will also be doubled. The phase shift at any particular

frequency, however, does not depend upon the derivative of attenua-

tion at that frequency alone, but upon the derivative at all frequencies,

since it involves a summing up, or integration, of contributions from

the complete frequency spectrum. Finally, we notice that the contri-

butions to the total phase shift from the various portions of the fre-

quency spectrum do not add up equally, but rather in accordance with

the function log coth
|
w

|

/2. This quantity, therefore, acts as a weight-

ing function. It is plotted in Fig. 2. As we might expect physically
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it is much larger near the point u = than it is in other regions. We
can, therefore, conclude that while the derivative of attenuation at all

frequencies enters into the phase shift at any particular frequency

f = fc the derivative in the neighborhood of /c is relatively much more
important than the derivative in remote parts of the spectrum.

As an illustration of (2), let it be supposed that A = ku, which cor-

responds to an attenuation having a constant slope of 6 ^ db per octave.

The associated phase shift is easily evaluated. It turns out, as we
might expect, to be constant, and is equal numerically to kir/2 radians.

This is illustrated by Fig. 3. As a second example, we may consider
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Solutions developed in this way can be added together, since it is

apparent from the general relation upon which they are based that the

phase characteristic corresponding to the sum of two attenuation
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characteristics. An example is furnished by Fig. 6, which is built up

from three solutions of the type shown by Fig. 5. By proceeding

sufficiently far in this way, an approximate computation of the phase

characteristic associated with almost any attenuation characteristic

can be made, without the labor of actually performing the integration

in (2).

20k

8:3

5ulOk
UJQ

^^

1JJ<

-k-



430 BELL SYSTEM TECHNICAL JOURNAL

attenuation is prescribed at all frequencies. In the same way (4)

shows how the complete attenuation and phase characteristics can be

determined if we begin by prescribing the attenuation below /o and the

phase shift above /o. Since /o can be chosen arbitrarily large or small

this is evidently a more general formula than either (1) or (2), while

it can itself be generalized, by the introduction of additional irrational

factors, to provide for more elaborate patterns of bands in which A
and B are specified alternately.

As an example of this formula, let it be assumed that A = K for

f < fo and that B = Ut/I for / > /o. These are shown by the solid

lines in Fig.. 7. Substitution in (4) gives the A and B characteristics

in the rest of the spectrum as

B = k sin-i {

,

Jo

A = K + k\og J
1 + =^

2 ^ ^ r

f<fo

(5)U ^ ' /oj'

These are indicated by broken lines in Fig. 7. In this particularly
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This expression will be used as the fundamental formula for the loop

cut-off characteristic in the next section.

Overall Feedback Loop Characteristics

The survey just concluded shows what combinations of attenuation

and phase characteristics are physically possible. We have next to

determine which of the available combinations is to be regarded as

representing the transmission around the overall feedback loop. The

choice will naturally depend somewhat upon exactly what we assume

that the amplifier ought to do, but with any given set of assumptions

it is possible, at least in theory, to determine what combination is most

appropriate.

Fig. 8—Nyquist stability diagrams for various amplifiers. Curve I represents

"absolute" stability, Curve II instability, and Curve III "conditional" stability.

In accordance with the convention used in this paper the diagram is rotated through
180° from its normal position so that the critical point occurs at — 1,0 rather than

+ 1,0.

The situation is conveniently investigated by means of the Nyquist

stability diagram ^ illustrated by Fig. 8. The diagram gives the path

^ Bell System Technical Journal, July, 1932. See also Peterson, Kreer, and Ware,
Bell System Technical Journal, October, 1934. The Nyquist diagrams in the present

paper are rotated through 180° from the positions in which they are usually drawn,
turning the diagrams in reality into plots of — m/3. In a normal amplifier there is one
net phase reversal due to the tubes in addition to any phase shifts chargeable directly

to the passive networks in the circuit. The rotation of the diagram allows this

phase reversal to be ignored, so that the phase shifts actually shown are the same as

those which are directly of design interest.
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traced by the vector representing the transmission around the feedback

loop as the frequency is assigned all possible real values. In accordance

with Nyquist's results a path such as II, which encircles the point

— 1,0, indicates an unstable circuit and must be avoided. A stable

amplifier is obtained if the path resembles either I or III, neither of

which encircles —1,0. The stability represented by Curve III, how-

ever, is only "Nyquist" or "conditional." The path will enclose the

critical point if it is merely reduced in scale, which may correspond

physically to a reduction in tube gain. Thus the circuit may sing

when the tubes begin to lose their gain because of age, and it may also

sing, instead of behaving as it should, when the tube gain increases

from zero as power is first applied to the circuit. Because of these

possibilities conditional stability is usually regarded as undesirable

and the present discussion will consequently be restricted to "abso-

lutely" or "unconditionally" stable amplifiers having Nyquist

diagrams of the type resembling Curve I.

The condition that the amplifier be absolutely stable is evidently

that the loop phase shift should not exceed 180° until the gain around

the loop has been reduced to zero or less. A theoretical characteristic

which just met this requirement, however, would be unsatisfactory,

since it is inevitable that the limiting phase would be exceeded in fact

by minor deviations introduced either in the detailed design of the

amplifier or in its construction. It will therefore be assumed that the

limiting phase is taken as 180° less some definite margin. This is

illustrated by Fig. 9, the phase margin being indicated as yir radians.

At frequencies remote from the band it is physically impossible, in

most circuits, to restrict the phase within these limits. As a supple-

ment, therefore, it will be assumed that larger phase shifts are permis-

sible if the loop gain is x db below zero. This is illustrated by the

broken circular arc in Fig. 9. A theoretical loop characteristic meeting

both requirements will be developed for an amplifier transmitting

between zero and some prescribed limiting frequency with a constant

feedback, and cutting off thereafter as rapidly as possible. This basic

characteristic can be adapted to amplifiers with varying feedback in

the useful range or with useful ranges lying in other parts of the spec-

trum by comparatively simple modifications which are described at a

later point. It is, of course, contemplated that the gain and phase

margins x and y will be chosen arbitrarily in advance. If we choose

large values we can permit correspondingly large tolerances in the

detailed design and construction of the apparatus without risk of in-

stability. It turns out, however, that with a prescribed width of

cutoff interval the amount of feedback which can be realized in the
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useful range is decreased as the assumed margins are increased, so that

it is generally desirable to choose as small margins as is safe.

The essential feature in this situation is the requirement that the

diminution of the loop gain in the cutoff region should not be accom-

panied by a phase shift exceeding some prescribed amount. In view

of the close connection between phase shift and the slope of the attenu-

ation characteristic evidenced by (2) this evidently demands that the

amplifier should cut off, on the whole, at a well defined rate which is not

too fast. As a first approximation, in fact, we can choose the cutoff

,/ xdb
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margin against singing, at the cost of a less rapid cutoff. For example,

if we choose ^ = 1.5 the limiting phase shift in the m/5 loop becomes
135°, which provides a margin of 45° against instability, while the rate

of cutoff is reduced to 9 db per octave. The value k = 1.67, which cor-

responds to a cutoff rate of 10 db per octave and a phase margin of 30°,

has been chosen for illustrative purposes in preparing Fig. 10. The loss

margin depends upon considerations which will appear at a later point.

Although characteristics of the type shown by Fig. 5 are reasonably

satisfactory as amplifier cutoffs they evidently provide a greater phase
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At high frequencies the new phase and attenuation characteristics

merge with those obtained from the preceding straight line cutoff, as

Fig. 10 indicates. In this region the relation between phase margin and
cutoff slope is fixed by the k in the equation (6) in the manner already

described for the more elementary cutoff. At low frequencies, how-
ever, the increased slope near the edge of the band permits 6 yfe db more
feedback.

It is worth while to pause here to consider what may be said, on the

basis of these characteristics, concerning the breadth of cutoff interval

required for a given feedback, or the "price of the ticket," as it was
expressed in the introduction. If we adopt the straight line cutoff

and assume the k used in Fig. 10 the interval between the edge of the

useful band and the intersection of the characteristic with the zero gain

axis is evidently exactly 1 octave for each 10 db of low frequency feed-

back. The increased efificiency of the solid line characteristic saves

one octave of this total if the feedback is reasonably large to begin with.

This apparently leads to a net interval one or two octaves narrower

than the estimates made in the introduction. The additional interval

is required to bridge the gap between a purely mathematical formula

such as (6), which implies that the loop characteristics follow a pre-

scribed law up to indefinitely high frequencies, and a physical amplifier,

whose ultimate loop characteristics vary in some uncontrollable way.

This will be discussed later. It is evident, of course, that the cutoff

interval will depend slightly upon the margins assumed. For example,

if the phase margin is allowed to vanish the cutoff rate can be increased

from 10 to 12 db per octave. This, however, is not sufficient to affect

the order of magnitude of the result. Since the diminished margin is

accompanied by a corresponding increase in the precision with which

the apparatus must be manufactured such an economy is, in fact, a

Pyrrhic victory unless it is dictated by some such compelling considera-

tion as that described in the next section.

Maximum Obtainable Feedback

A particularly interesting consequence of the relation between feed-

back and cutoff interval is the fact that it shows why we cannot obtain

unconditionally stable amplifiers with as much feedback as we please.

So far as the purely theoretical construction of curves such as those in

Fig. 10 is concerned, there is clearly no limit to the feedback which can

be postulated. As the feedback is increased, however, the cutoff inter-

val extends to higher and higher frequencies. The process reaches a

physical limit when the frequency becomes so high that parasitic effects

in the circuit are controlling and do not permit the prescribed cutoff
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characteristic to be simulated with sufficient precision. For example,

we are obviously in physical difficulties if the cutoff characteristic

specifies a net gain around the loop at a frequency so high that the

tubes themselves working into their own parasitic capacitances do not

give a gain.

This limitation is studied most easily if the effects of the parasitic

elements are lumped together by representing them in terms of the

asymptotic characteristic of the loop as a whole at extremely high

frequencies. An example is shown by Fig. 11. The structure is a

Fig. 11—Elements which determine the asymptotic loop transmission characteristic

in a typical amplifier.

shunt feedback amplifier. The /3 circuit is represented by the T com-

posed of networks N^, Ne and Nt. The input and output circuits are

represented by Ni and Ni and the interstage impedances by N2 and N3.

The C's are parasitic capacitances with the exception of C5 and Ce,

which may be regarded as design elements added deliberately to TVs and

A''6 to obtain an efficient high frequency transmission path from output

to input. At sufficiently high frequencies the loop transmission will

depend only upon these various capacitances, without regard to the

N's. Thus, if the transconductances of the tubes are represented by

Gu Gi, and Gz the asymptotic gains of the first two tubes are Gi/coCi

and G2/C0C3. The rest of the loop includes the third tube and the

potentiometer formed by the capacitances Ci, d, C5 and Ce- Its

asymptotic transmission can be written as GzjoiC, where

C = Ci + C4 +
C1C4

(Ca + Ce).

Each of these terms diminishes at a rate of 6 db per octave. The com-

plete asymptote is GiG^Gzloi^CdCz. It appears as a straight line with

a slope of 18 db per octave when plotted on logarithmic frequency

paper.
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A similar analysis can evidently be made for any amplifier. In the

particular circuit shown by Fig. 11 the slope of the asymptote, in units

of 6 db per octave, is the same as the number of tubes in the circuit.

The slope can evidently not be less than the number of tubes but it may
be greater in some circuits. For example if C5 and Ce were omitted in

Fig. 11 and N^ and TVe were regarded as degenerating into resistances

the asymptote would have a slope of 24 db per octave and would lie

below the present asymptote at any reasonably high frequency. In

any event the asymptote will depend only upon the parasitic elements

of the circuit and perhaps a few of the most significant design elements.

It can thus be determined from a skeletonized version of the final

structure. If waste of time in false starts is to be avoided such a

determination should be made as early as possible, and certainly in

advance of any detailed design.

The effect of the asymptote on the overall feedback characteristic is

illustrated by Fig. 12. The curve ABEF is a reproduction of the ideal
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straight line CEK represents an asymptote of the type just described,

with a slope of 18 db per octave. Since the asymptote may be assumed

to represent the practical upper limit of gain in the high-frequency

region, the effect of the parasitic elements can be obtained by replacing

the theoretical cutoff by the broken line characteristic ABDEK. In

an actual circuit the corner at E would, of course, be rounded off, but

this is of negligible quantitative importance. SinceEF andEK diverge

by 8 db per octave the effect can be studied by adding curves of the

type shown by Fig. 5 to the original cutoff characteristic.
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cross over point G. This is illustrated by II and II' in Fig. 13. On
the other hand, if the zero gain intercept of the asymptote CEK had
occurred at a slightly lower frequency, no change in k alone would have

been sufficient. It would have been necessary to reduce the amount
of feedback in the transmitted range in order to secure stability.

The final characteristic in Fig. 13 reaches the limiting phase shift

of 180° only at the crossover point. It is evident that a somewhat more
efficient solution for the extreme case is obtained if the limiting 180°

is approximated throughout the cutoff interval. This result is attained

by the cutofif characteristic shown in Fig. 14. The characteristic con-

20

-20
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proximately linear phase characteristics of opposite sign. If the

frequencies B and C at which the slopes begin are in the same ratio,

12 : 18, as the slopes themselves the contributions of the added slopes

will substantially cancel each other and the net phase shift throughout

the cutoff interval will be almost the same as that of the ideal curve

alone. The exact phase characteristic is shown by Fig. 15. It dips
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For the sake of generality it is convenient to extend this formula to

include also situations in which there exists some further linear phase

characteristic in addition to those already taken into account. In

exceptional circuits, the final asymptotic characteristic may not be

completely established by the time the curve reaches the zero gain axis

and the additional phase characteristic may be used to represent the

effect of subsequent changes in the asymptotic slope. Such a situation

might occur in the circuit of Fig. 11, for example, if C5 or Ce were made
extremely small. The additional term may also be used to represent

departures from a lumped constant analysis in high-frequency ampli-

fiers, as discussed earlier, If we specify the added phase characteristic,

from whatever source, by means of the frequency /d at which it would

equal 2njT radians, if extrapolated, the general formula corresponding

to (7) becomes

A„ = 40 1ogio4r¥V- (8)
nfofa + fd

It is interesting to notice that equations (7) and (8) take no explicit

account of the final external gain of the amplifier. Naturally, if the

external gain is too high the available ix circuit gain may not be sufficient

to provide it and also the feedback which these formulae promise.

This, however, is an elementary question which requires no further

discussion. In other circumstances, the external gain may enter the

situation indirectly, by affecting the asymptotic characteristics of the

/3 path, but in a well chosen /3 circuit this is usually a minor considera-

tion. The external gain does, however, affect the parts of the circuit

upon which reliance must be placed in controlling the overall loop

characteristic. For example, if the external gain is high the /x circuit

will ordinarily be sharply tuned and will drop off rapidly in gain beyond

the useful band. The jS circuit must therefore provide a decreasing

loss to bring the overall cutoff rate within the required limit. Since

the j8 circuit must have initially a high loss to correspond to the high

final gain of the complete amplifier, this is possible. Conversely, if

the gain of the amplifier is low the /x circuit will be relatively flexible

and the /3 circuit relatively inflexible.

rapidly to its ultimate value thereafter. These possibilities can be exploited ap-

proximately by various slight changes in the slope of the cutoff characteristic in the

neighborhood of the crossover region, or a theoretical solution can be obtained by
introducing a prescribed phase shift of this type in the general formula (4). The
theoretical solution gives a Nyquist path which, after dropping below the critical

point with a phase shift slightly less than 180°, rises again with a phase shift slightly

greater than 180° and continues for some time with a large amplitude and increasing

phase before it finally approaches the origin. These possibilities are not considered

seriously here because they lead to only a few db increase in feedback, at least for

moderate w's, and the degree of design control which they envisage is scarcely feasible

in a frequency region where, by definition, parasitic effects are almost controlling.
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In setting up (7) and (8) it has been assumed that the amplifier will,

if necessary, be built with zero margins against singing. Any surplus

which the equations indicate over the actual feedback required can, of

course, be used to provide a cutoff characteristic having definite phase

and gain margins. For example, if we begin with a lower feedback in

the useful band the derivative of the attenuation between this region

and the crossover can be proportionately reduced, with a corresponding

decrease in phase shift. We can also carry the flat portion of the

characteristic below the zero gain axis, thus providing a gain margin

when the phase characteristic crosses 180°. In reproportioning the

characteristic to suit these conditions, use may be made of the ap-

proximate formula

Am- A = {A,„ + 17.4)3; +
- 2 2

X H

—

xy,
n n (9)

where Am is the maximum obtainable feedback (in db), A is the actual

feedback, and x and y are the gain and phase margins in the notation of

Fig. 9. Qnce the available margin has been divided between the x and

C2.

-20
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where it is assumed that Am = 43 db, A = 29 db, x = 9 db, n = 3 and

y = 1/6. The Nyquist diagram for the structure is shown by Fig.

18. It evidently coincides almost exactly with the diagram postulated

originally in Fig. 9.
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Fig. 17—Phase characteristic corresponding to gain characteristic of Fig. 16.
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characteristic with the zero gain axis the calculation is the same as

that made previously in connection with Fig. 10. From the zero gain

intercept to the junction with the asymptote, where we can say that

design control is finally relaxed, there is, however, an additional interval

of nearly two octaves. Although Fig. 16 is fairly typical, the exact

breadth of the additional interval will depend somewhat on circum-

stances. It is increased by an increase in the asymptotic slope and

reduced by decreasing the gain margin.

Relative Importance of Tubes and Circuit in

Limiting Feedback ^

The discussion just finished leads to the general conclusion that the

feedback which can be obtained in any given amplifier depends ulti-

mately upon the high-frequency asymptote of the feedback loop. It

is a matter of some importance, then, to determine what fixes the

asymptote and how it can be improved. Evidently, the asymptote is

finally restricted by the gains of the tubes alone. We can scarcely

improve upon the result secured by connecting the output plate directly

to the input grid. Within this limit, however, the actual asymptotic

characteristic will depend upon the configuration and type of feedback

employed, since a given distribution of parasitic elements may evi-

dently affect one arrangement more than another. The salient circuit

problem is therefore that of choosing a general configuration for the

feedback circuit which will allow the maximum efficiency of transmis-

sion at high frequencies.

The relative importance of tube limitations and circuit limitations

is most easily studied if we replace (7) by

^„. = 40logxo:^'-^S (10)

where ft is the frequency at which the tubes themselves working into

their own parasitic capacitances have zero gain ^ and A t is the asymp-

totic loss of the complete feedback loop in db at/ = /^ The first term

* The material of this section was largely inspired by comments due to Messrs.

G. H. Stevenson and J. M. West.

' I.e., ft = TT^ , where Gm and Care respectively the transconductance and capaci-

tance of a representative tube. The ratio -p? is the so-called " figure of merit " of the

tube. The analysis assumes that the interstage network is a simple shunt impedance,

so that the parasitic capacitance does correctly represent its asymptotic behavior.

More complicated four-terminal interstage networks, such as transformer coupling

circuits and the like, are generally inadmissible in a feedback amplifier because of the

high asymptotic losses and consequent high-phase shifts which they introduce.
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of (10) shows how the feedback depends upon the intrinsic band width

of the available tubes. In low-power tubes especially designed for the

purpose /t may be 50 mc or more, but if/o is small the first term will be

substantial even if tubes with much lower values of ft are selected.

The second term gives the loss in feedback which can be ascribed to the

rest of the circuit. It is evidently not possible to provide input and

output circuits and a /3-path without making some contribution to the

asymptotic loss, so that At cannot be zero. In an amplifier designed

with particular attention to this question, however, it is frequently

possible to assign A t a comparatively low value, of the order of 20 to

30 db or less. Without such special attention, on the other hand, A t is

likely to be very much larger, with a consequent diminution in available

feedback.

In addition toft and At, (10) includes the quantity n, which repre-

sents the final asymptotic slope in multiples of 6 db per octave. Since

the tubes make no contribution to the asymptotic loss at f = ft we

can vary n without affecting A t by changing the number of tubes in the

circuit. This makes it possible to compute the optimum number of

tubes which should be used in any given situation in order to provide

the maximum possible feedback, li At'is small the first term of (10)

will be the dominant one and it is evidently desirable to have a small

number of stages. The limit may be taken as w = 2 since with only

one stage the feedback is restricted by the available forward gain,

which is not taken into account in this analysis. On the other hand

since the second term varies more rapidly than the first with n, the

optimum number of stages will increase as At is increased. It is given

generally by

or in other words the optimum n is equal to the asymptotic loss at the

tube crossover in nepers.

This relation is of particular interest for high-power circuits, such as

radio transmitters, where circuit limitations are usually severe but the

cost of additional tubes, at least in low-power stages, is relatively un-

important. As an extreme example, we may consider the problem of

providing envelope feedback around a transmitter. With the rela-

tively sharp tuning ordinarily used in the high-frequency circuits of a

transmitter the asymptotic characteristics of the feedback path will be

comparatively unfavorable. For illustrative purposes we may assume

that/a = 40 kc. and « = 6. In accordance with (7) this would provide

a maximum available feedback over a 10 kc. voice band of 17 db. It
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will also be assumed that the additional tubes for the low-power por-

tions of the circuit have an/i of 10 mc.^° The corresponding At'is Z3>

nepers ^^ so that equation (11) would say that the feedback would be in-

creased by the addition of as many as 27 tubes to the circuit. Natur-

ally in such an extreme case this result can be looked upon only as a

qualitative indication of the direction in which to proceed. If we add

only 4 tubes, however, the available feedback becomes 46 db while if we
add 10 tubes it reaches 60 db. It is to be observed that only a small

part of the available gain of the added tubes is used in directly increas-

ing the feedback. The remainder is consumed in compensating for

the unfortunate phase shifts introduced by the rest of the circuit.

Amplifiers of Other Types

The amplifier considered thus far is of a rather special type. It has

a useful band extending from zero up to some prescribed frequency /o,

constant feedback in the useful band, and it is absolutely stable. De-

partures from absolute stability are rather unusual in practical ampli-

fiers and will not be considered here. It is apparent from the phase

area relation that a conditionally stable amplifier may be expected to

have a greater feedback for a cut-off interval of given breadth than a

structure which is unconditionally stable, but a detailed discussion of

the problem is beyond the scope of this paper.

Departures from the other assumptions are easily treated. For

example, if a varying feedback in the useful band is desired, as it may
be in occasional amplifiers, an appropriate cut-off characteristic can

be constructed by returning to the general formula (4), performing the

integrations graphically, if necessary. If the phase requirement in

the cut-off region is left unchanged only the first integral need be

modified. The most important question, for ordinary purposes, is that

of determining how high the varying feedback can be, in comparison

with a corresponding constant feedback characteristic, for any given

asymptote. This can be answered by observing the form to which the

first integral in (4) reduces when/c is made very large. It is easily seen

that the asymptotic conditions will remain the same provided the

^^ In tubes operating at a high-power level ft may, of course, be quite low. It is

evident, however, that only the tubes added to the circuit are significant in interpret-

ing (11). The additional tubes may be inserted directly in the feedback path if they
are made substantially linear in the voice range by subsidiary feedback of their own.
This will not affect the essential result of the present analysis.

" It is, of course, not to be expected that the actual asymptotic slope will be con-
stant from 40 kc. to 10 mc. Since only the region extending a few octaves above 40
kc. is of interest in the final design, however, the apparent At can be obtained by
extrapolating the slope in this region.
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feedback in the useful band satisfies a relation of the form

'7r/2

Adfp = constant, (12)

where = sin~^///o. Thus the area under the varying characteristic,

when plotted against <^, should be the same as that under a correspond-

ing constant characteristic having the same phase and gain margins

and the same final asymptote. This is exemplified by Fig. 19, the

4> IN DEGREES

Fig. 19—Diagram to illustrate the computation of available feedback when the

required feedback in the useful band is not the same at all frequencies.

varying characteristic being chosen for illustrative purposes as a

straight line on an arithmetic frequency scale.

The most important question has to do with the assumption that the

useful transmission band extends down to zero frequency. In most

amplifiers, of course, this is not true. It is consequently necessary to

provide a cut-off characteristic on the lower as well as the upper side

of the band. The requisite characteristics are easily obtained from

the ones which have been described by means of frequency transforma-

tions of a type familiar in filter theory. Thus if the cut-off characteris-

tics studied thus far are regarded as being of the "low-pass" type the

characteristics obtained from them by replacing f/fo by its reciprocal

may be regarded as being of the "high-pass" type. If the band width

of the amplifier is relatively broad it is usually simplest to treat the

upper and lower cut-offs as independent characteristics of low-pass and

high-pass types. In this event, the asymptote for the lower cut-off is

furnished by such elements as blocking condensers and choke coils in the

plate supply leads. The low-frequency asymptote is usually not so
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serious a problem as the high-frequency asymptote since it can be

placed as far from the band as we need by using large enough elements

in the power supply circuits. The superposition of a low-frequency

cutofif on the idealized loop gain and phase characteristics of a "low-

pass" circuit is illustrated by the broken lines in Fig. 20.

fo

Fig. 20- -Modification of loop characteristics to provide a lower cutoff in a broad-
band amplifier.

If the band width is relatively narrow it is more efficient to use the

transformation in filter theory which relates a low-pass to a symmetrical

band-pass structure. The transformation is obtained by replacing

///o in the low-pass case by (P - f1/2/f(f2 -/i)), where /i and/2 are

the edges of the prescribed band. It substitutes resonant and anti-

resonant circuits tuned to the center of the band for the coils and con-

densers in the low-pass circuit. In particular each parasitic inductance

is tuned by the addition of a series condenser and each parasitic capac-

ity is tuned by a shunt coil. The parameters of the transformation

must, of course, be so chosen that the parasitic elements have the cor-

rect values for use in the new branches. .

This leads to a simple but important result. If the inductance of a

series resonant circuit is fixed, the interval represented by /& — /„ in

Fig. 21, between the frequencies at which the absolute value of the

reactance reaches some prescribed limit Xo, is always constant and

equal to the frequency at which the untuned inductance would exhibit

the reactance Xo, whatever the tuning frequency may be. The same

relation holds for the capacity in an anti-resonant circuit. Thus the

frequency range over which the branches containing parasitic elements

exhibit comparable impedance variations is the same in the band-pass

structure and in the prototype low-pass structure. But since the

transformation does not afi^ect the relative impedance levels of the

various branches in the circuit, this result can be extended to the com-

plete yujS characteristic. We can therefore conclude that the feedback

which is obtainable in an amplifier of given general configuration and with

given parasitic elements and given margins depends only upon the breadth
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Xo ^^^
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obtained through the shielded input and output transformers T\ and

T2. The three stages in the ix circuit are represented in Fig. 23 as single

tubes. Physically, however, each stage employes two tubes in parallel,

the transconductances of the individual tubes being about 2000 micro-

mhos. The principal feedback is obtained through the impedance Z/j.

There is in addition a subsidiary local feedback on the power stage

through the impedance Zr. This is advantageous in producing a

further reduction in the effects of modulation in this stage but it does

not materially affect the feedback available around the principal loop.

The elements shown explicitly include resistance-capacitance filters

in the power supply leads to the plates and screens, cathode resistances

and by-pass condensers to provide grid bias potentials, and blocking

condenser-grid-leak combinations for the several tubes. In addition to

serving these functions, the various resistance-capacitance combina-

tions are also used to provide the cutoff characteristic below the useful

band. The low-frequency asymptote is established by the grid leak

resistances and the associated coupling condensers and the approach

of the feedback characteristic to the asymptote is controlled mainly by

the cathode impedances and the resistance-capacitance filters in the

power supply leads to the plates. The principal parts of the circuit

entering into the ij.^ characteristic at high frequencies are the interstage

impedances Z\ and Z2, the feedback impedance Z/j,^^ the cathode im-

pedance Zk, and the two transformers. The four network designs are

shown in detail in Figs. 24, 25, 26, and 27.

The joint transconductance, 4000 micromhos, of two tubes in parallel

operating into an average interstage capacity of 14 mmf, as indicated

by Figs. 24 and 25, gives an/t of about 50 mc. The parasitic capacities

(chiefly transformer high side and ground capacities) in the other parts

of the feedback loop provide a net loss. At, of about 18 db at this fre-

quency. Since the asymptotic slope is 18 db per octave the intercept

of the complete asymptote with the zero gain axis occurs about one

octave lower, at slightly less than 25 mc. This is a relatively high

intercept and may be attributed in part to the high gain of the vacuum

tubes. The care used in minimizing parasitic capacities in the con-

struction of the amplifier and the general circuit arrangement, including

in particular the use of single shunt impedances for the coupling and

feedback networks, are also helpful.

" The relative complexity of this network is explained by the fact that it actually

serves as a regulator to compensate for the effects of changes in the line temperature.

(See H. W. Bode, "Variable Equalizers," Bell System Technical Journal, April, 1938.)

The present discussion assumes that the controlling element is at its normal setting.

For this setting the network is approximately equal to a resistance in series with a

small inductance. The fact that the amplifier must remain stable over a regulation

range may serve to explain why the design includes such large stability margins.
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Fig. 24—^First interstage for the amplifier of Fig. 23.
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Fig. 25—Second interstage for the amplifier of Fig. 23.
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Fig. 26—/3 circuit impedance for the amplifier of Fig. 23.
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Fig. 27^Cathode impedance for the amplifier of Fig. 23.
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In accordance with (7) the maximum available feedback ^m is

48 db. For design purposes, however, x and y in (9) were chosen as

15 db and 1/5 respectively. This reduces the actual feedback A to

about 28 db. The theoretical cutoff characteristic corresponding to

ao
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istic is controlled, in accordance with the procedure outlined previously,

by the elements in the ix circuit. The sharp slope just beyond the edge

of the useful band is obtained from a transformer anti-resonance. The
relatively flat portion of the characteristic near its intersection with the

asymptote is due partly to an anti-resonance of the /3 circuit with its

distributed capacitance and partly to an increase in the gain of the

third tube because of the filter-like action of the elements of Zk in

cutting out the local feedback on the tube in this region.

The large margins in the design made it possible to secure a substan-

tial increase in feedback without instability. For example, with a loss

margin as great as 15 db the feedback can be increased by adjusting the

screen and plate voltages to increase the tube gains. A higher feed-

back can also be obtained by adjusting the resistance in the first inter-

stage. As this interstage was designed, an increase in the resistance

results in an increased amplifier gain and a correspondingly increased

feedback which follows a new theoretical characteristic with a some-

what reduced phase margin. The adjustment, in effect, produces a

change in the value of the constant k in equation (6). With this ad-

justment the feedback can be increased to about 40 db before the

amplifier sings.



Analysis of the Ionosphere *

By KARL K. DARROW

The ionosphere is a region in the very high atmosphere from
which radio signals are reflected, a fact which is adequately ex-

plained by assuming that region to be populated with free electrons.

In exploring the ionosphere, signals of a wide range of frequencies

are successively sent upward, and the time elapsing before the re-

turn of the echo is measured. The delay of the echo mulitplied by
^c is called the virtual height of the ceiling for the signal. The data

appear in the form of curves relating virtual height of ceiling to

frequency of signal. These curves are peculiar in shape and vary
remarkably with time of day, time of year and epoch of the solar

cycle. By theory they can be translated into curves relating elec-

tron-density to true height above ground. The theory is approxi-

mative, but the results are accurate enough to be of value. The
magnetic field of the earth affects the data remarkably, making it

possible to test the theory and to evaluate the field-strength at

great heights. The free electrons are supposed to be liberated from
the air-molecules by ionizing agents, of which the chief but not the

only one is ultra-violet light from the sun.

THE very title of this article embodies the assumption that in

the upper reaches of the atmosphere there is a host of ions.

By "upper reaches" here is meant, a region of the atmosphere so high

that no man ever entered it, nor even a balloon with instruments.

The ions therefore have never been observed by normal electrical

means. They are postulated as the explanation of two things mainly:

the echoing of radio signals from the sky, and that small portion of

the earth's magnetic field which fluctuates with time.

The idea that these things require explanation, and the idea of the

sort of postulate that is required to explain them, can both be followed

back for many years. What was lacking in the early days was the

notion of mobile electrified particles, that is to say, of "ions," in the

air. That notion did not even exist, when in the eighties Balfour

Stewart desired to imagine a conducting layer in the upper air for

explaining magnetic fluctuations. It was only just being formed,

when in 1902 Kennelly and Heaviside independently desired to imagine

a conducting layer in the upper air for explaining why wireless signals

can travel around the world. To speak of a conducting layer in the

* This paper, in abbreviated form, appears in the current issue of Electrical En-
gineering.
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eighties, when air was regarded as an almost perfect insulator and

nothing was known that could make it conductive, was certainly

audacious. To speak of it in 1902 was still ingenious but no longer

daring, for by then it could reasonably be expected that the researches

on ions lately begun by Thomson and so many others would justify

the notion.

Never was an expectation better founded. Within a few years

those researches had made it sure that the upper atmosphere must be

conductive, because of containing the raw material required for making

ions and one at least among the agents capable of making them: to

wit, atoms and molecules, and ultra-violet light from the sun capable

of ionizing them. The problem then became: what distribution and

what kinds of ions must be postulated for the upper atmosphere, to

explain (for instance) the reflection of radio signals?

This problem could not even be attacked, without great forward

strides in both the art of experimentation and the mathematical

theory. These strides were rapidly made in the middle and late

twenties. Had theory alone gone ahead, it would have been little

more than a pretty exercise in mathematics. Had the art of experi-

mentation progressed by itself, the experimenters would at least have

found some interesting correlations of the data with such variables as

time of day and epoch of the solar cycle and presence of magnetic

storms; but the lack of theory would have been sorely felt. But

theory and experiment advanced together, and the interplay between

the two has seldom been so well exemplified.

The advance in the art of experiment lay not so much in the inven-

tion of new apparatus (though this has not been wanting) as in turning

away from the practical problem of sending signals to great distances,

and instead designing the experiments for the purpose, first of proving

the ionosphere and then of "sounding" it. Three methods were

invented for this purpose, all based upon the fact that wireless waves

when sent into the sky come bouncing back from it. Two of these

will be scarcely more than mentioned in the pages to follow, since an

already great and ever-increasing proportion of the data is obtained

by the third. In this third a sharply-delimited signal or pulse or

wave-group is sent up, and a short time (a few milliseconds) later it

is detected coming back, like an echo from a cliff: the delay of the

echo is measured. This is done for many signals, and the delay is

plotted against the mean frequency of the wireless waves composing

the signals; and curves so plotted constitute the ultimate data. Usu-

ally the signal is sent vertically upward, the echo comes vertically

downward; and there is the quaint situation, that wireless telegraphy
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is chiefly famed for bridging great distances over the earth, but its

foundations are best studied with sender and receiver side by side.

Electromagnetic signals thus find a mirror or a ceiling overhead;

and the theory interprets this mirror as consisting of the ions, and

especially the free electrons, diffused in the upper air. This perhaps

seems singular, in view of the tenuity of the air and the lightness of

the individual electrons. It might have seemed better, at least in the

days of the Greeks, to propose that the dome of the sky is a hard

metallic mirror—of well-polished silver, for instance.. Well, in effect

that is what is proposed. A mirror of silver reflects not by virtue of

its hardness, but because of electrons diffused like a gas through the

pores of the metal. A metal is a container for an electron-gas, and in

the upper air there is an electron-gas without a container; and both

of them reflect.

The theory is strictly classical, in the sense of the word prevailing

in physics. No relativity, no quantum theory, no suggested revision

of the concepts of space and time, afflict the student thereof. It is

the working-out of the basic principle of Maxwell and Lorentz, that

the passage of electromagnetic waves through a medium is controlled

by the electric current which the waves themselves evoke in the

medium. Under the influence of the electric field in the waves, the

ions swing in sympathetic vibration, and form a part of that current.

They thus react upon the waves, alter the speed thereof, and bring

about the reflection. The motion of the ions is simple-harmonic, so

that the mathematics of the theory is simple and familiar—so long,

at least, as no account is taken of any forces acting on the ions other

than that due to the field of the waves themselves. Here is the

explanation of the echoing of radio signals, and hence follows the

procedure for translating the data of echoes into statements about

the distribution of the ions in the atmosphere. It is not difficult to

describe or explain, and will be carried through in this article.

From this point the theory ramifies in two directions. Two things

modify the sympathetic vibrations of the ions: the collisions between

the ions and the neutral molecules of the air, and the earth's magnetic

field. By their influence on the vibrations, they modify the speed

of the waves, and therefore the conditions of the echoing. The

theory extended in either direction continues to be easy in one sense,

for neither the physical concepts nor the mathematical operations are

unfamiliar; but becomes very hard in another, for the algebraic

expressions are often of fearful complexity, impossible to remember

and hard even to keep straight when written out. When it is extended

in both ways at once the expressions become so intricate, that nearly
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every investigator when taking account of either influence simply

ignores the other. On the whole, the mathematical developments

have far outrun the data. Yet there are important connections

between experiment and theory, including for instance the proof that

the ions which principally reflect the signals are free electrons.

After the theory come what I will call, for contrast, the speculations.

The analysis of the ionosphere being made and accepted, a host of

questions arise. Must we assume additional agents of ionization,

other than the ultra-violet light of the sun? The answer to this

question being certainly "yes," one must inquire how to distinguish

that part of the ionization which is due to sunlight from the rest,

and what are the causes of the rest. Why the distinctive distribution-

in-height of the ions, amounting to what is called "the stratification

of the ionosphere"? What assumptions must we make about the

composition of the atmosphere in its dependence on height? or (as

the question is more commonly put) what information can we derive

about the composition of the atmosphere? How far can we go in

interpreting the fluctuations of terrestrial magnetism, and (as later

will be apparent) in mapping out the earth's magnetic field? The
possible questions even rise to the realm of astronomy, and the sug-

gested answers form a part of the theory of the sun as a potent source

of radiations of all kinds, luminous and electrical and material. The
implications of the ionosphere seem to be almost limitless, but a

severe limit will nevertheless be set by space and time upon this

article.

Methods of Experiment, and a Simplified Picture of the
Ionosphere Adduced for Illustrating Them

The ionosphere is a canopy of ions overarching the earth, and in

Fig. 1 it is represented by a model, very simplified indeed and yet

instructive. Here it is shown as consisting of two "layers" marked

E and F, with an ion-density which is uniform in each, and greater

in F than in E. It is time to become familiar with the symbol N
used for number of ions per unit volume: this picture shows N having

the constant values Ne and Np ( > Ne) in £-layer and F-layer respec-

tively, and the value zero between.

The lines which are broken at the layer-edges are paths of wireless

signals or waves sent out from the source at S—sent out obliquely,

for transmission over long distances. There is a path reflected from

E, a path reflected from F and a path which penetrates both. These

correspond to relatively low, medium, and high frequencies respec-

tively: as examples I will give the values 1, 10 and 100 mc. (megacycles,
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i.e. millions of cycles per second) corresponding to wave-lengths of

300, 30 and 3 metres. Here already the reader meets the fact that

the height at which such a signal is reflected, or the question whether

it shall be reflected at all, depends on the frequency of the waves and

the density of the ions. For every frequency there is what I shall

call a "mirror-density": signals are reflected as soon as they reach

the lowest level in the ionosphere where that mirror-density is attained.

The higher the frequency, the higher the mirror-density. The formula

will soon be derived and shown; but for the moment, let us inquire

how the altitude of either layer can be measured, in terms of the

simple model of Fig. 1.

One way of measuring the altitude is very obvious. Suppose the

observer to go a known distance away from the aerial, and measure

there the angle which the reflected wave or "sky wave" makes with

the horizontal as it comes down to him. If this can be done, then

clearly he can get the altitude by the simplest trigonometry—the

altitude of the E-layer or the F-layer, according to the frequency
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which he uses. It can be done, and it was done by Appleton and

Barnett in 1925. What they measured was the angle between the

directions of propagation of the sky wave and the "ground wave,"

of which the wave-fronts are shown in Fig. 1 creeping along the

ground with a rapid attenuation. This ground wave, by the way,

is the only one by which radio transmission could be effected but for

the ionosphere; and it is seldom detectable beyond a few hundred

miles.

Another scheme is much more complicated, and owing to its super-

session I may be excused for giving only the merest outline of it.

It is a clever way of putting to useful service the very great incon-

venience known as "fading." This term refers to a train of signals

which dies out and revives and keeps on fluctuating over and over

again, in a most irregular fashion. This sort of thing occurs in the

region where the sky wave and the ground wave both arrive and

overlap one another, and it has been traced to what in optics is called

the "interference" of the two. If conditions were absolutely stable,

then in taking a walk in the region of overlapping one would pass

through several maxima and minima of intensity. Since conditions

are never absolutely stable, the observer need not take the walk;

while he stands at any fixed point, the maxima and the minima float

past him while the ionosphere wavers in the sky and this is "fading."

But imagine the conditions relatively stable for a time, and the

observer standing still; and suppose that the engineer at the sending

aerial changes the wave-length by a small and known amount—then,

several maxima and minima will float past the observer, and by

counting them he can (though this is not at all obvious !) get a datum

which enables him to figure out the altitude of the reflecting layer

in the sky. This method also was invented by Appleton, and can

be found explained in the literature under the name "wave-length-

change method."

The third of the methods has crowded out the others, and henceforth

will figure alone in these pages. It is the "echo-method," still some-

times called by the clumsy name of "group-retardation method."

Anticipated by Swann, it was realized by Breit and Tuve at the

Carnegie Institution of Washington.

What is sent up to the sky is here a short sharp signal; if it could

be heard, it would be called a click. What comes back is the echo

of the signal. Passing over the receiving device, it produces a short

sharp kick on an oscillograph-record. Some of these are shown in

Fig. 2. The kicks marked Ei and Fi are due to signals echoed from

the layers E and F respectively. Those marked F^- - F^ are due to
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"multiple echoes"; the signal has traveled two to five times the

entire journey from ground to ionosphere to ground again, the surface

of the earth being itself a good reflector. Those marked G are due

to the signal spreading along the ground itself. If the sender and the

receiver are practically side by side, as usually is the case, the kicks

G occur at the instants of departure of the signals. The record is

moving laterally with the speed intimated by the wavy line beneath,

and accordingly the distance along it from a G-kick to the following

echo-kick is a measure of the "delay of the echo."

The delay of the echo is an indication of the altitude of the mirror

where it was reflected—-the layer E or F, as the case may be. Signals

of relatively low frequency being reflected from E while those of

medium frequency are echoed at F, one adjusts the frequency according

|G F| iG F|

I * L^
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Now, a limited wave-train is equivalent to an infinity of infinitely

long wave-trains, with an infinite variety of frequencies. The ampli-

tudes and the frequencies of these constituent waves are chosen so

that the waves reinforce one another over the length of the signal,

counteract one another for all time before and after the signal. To
choose them thus is always mathematically feasible, whatever shape

of signal be prescribed. Whether these constituent waves should be

regarded as "physically real" is a question that was discussed long

before the days of quantum theory and other modern puzzles. Any-

how, by taking them as such, one arrives at verifiable statements

about the signals, and this is all that matters.

Let us now conceive the signal as a chopped-off segment of a sine-

wave-train of frequency /o; and let us compare its travel with the

travel of a limitless wave-train of frequency / put equal to /o. One

feels that the signal ought to follow the same path through the iono-

sphere as would the limitless train, and ought to move along that

path with the same speed as would the wave-crests of the limitless

train. This is true if, but only if, the speed u of the wave-crests in

unlimited trains is independent of /. But when wireless waves are

traveling through the ionosphere, u varies very much with/, according

to a law which will later be worked out; and this makes a remarkable

difference.

The difference as to path is not serious. The infinite wave-trains

which form the signal are most intense at frequencies very close to/o,

and this is sufficient to make the signal follow nearly (though not

without some deviation and distortion) the path which the infinite train

of frequency /o would follow by itself. We may therefore regard the

broken lines of Fig. 1 as the paths of signals or of waves, indifferently.

The difference as to speed is serious. It is not reduced by the

preponderance of component wave-trains very close to /o, and it does

not tend to vanish as this preponderance is increased by lengthening

the signal. It remains serious in the artificially-simplified case of just

two component wave-trains of small frequency-difference A/, where

the signals become the "beats" well known in acoustics and in radio.

In this case the beat-speed or signal-speed approaches a limit as A/

approaches zero. This limit, the "group-speed" denoted by v, is

always used for the signal-speed, though for actual signals it is but

an approximation, and the signals themselves become distorted as

they travel. Contrasted with v is the "wave-speed" or the "phase-

speed" of the wave-crests of the unlimited wave-trains, already

denoted by u.
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Since it is entirely the signal-speed which determines the delay of

the echo, the wave-speed may seem a pointless side-issue. This

quantity u is, however, essential in the theory from which are derived

first the conditions of echoing and then the dependence of v upon /o.

Postponing the topics of signal-speed and echo-delay in order to return

to them later with better preparation, we now take up the theory.

Theory of Wave-Speed, Total Reflection and Group-Speed
IN THE Ionosphere

It will now be proved from Maxwell's theory, combined with the

concept of mobile ions, that total reflection of wireless waves must
occur in the ionosphere at the level where the ion-density attains a

certain value depending on the wave-frequency.

The famous equations of Maxwell melt together into a wave-

equation. The waves which it describes consist of an oscillating

electric field which I will denote by -Eo sin nt, and an oscillating mag-
netic field which we are permitted to ignore. When of high enough

frequency these are the waves of light, as Maxwell knew; when
of the frequency-range with which we are now concerned they are

the waves of radio, as Maxwell was never to know because of his

premature death. In the wave-equation there figures of course the

wave-speed u. Here then is a paraphrase of the great idea of Maxwell

:

the square of the wave-speed varies inversely as the current-density provoked

by unit amplitude ^ of the oscillating field.

Now we see at once that in the ionosphere the wave-speed must be

affected by the presence of the free electrons, since they are set into

oscillation by the waves and therefore make a contribution to the

current-density.

At this point those who were educated in the electronic era (an

ever-increasing fraction of the population) are in some danger of

falling into a serious error. One may in fact assume that the electrons

form the whole of the current, and deduce that in vacuo the oscillating

field provokes no current at all, and the wave-speed must therefore

be infinite—an absurd conclusion ! Maxwell was wiser. He under-

stood, and made it a part of his theory, that wherever there is an

electric field which is changing in time the rate-of-change of that field

is equivalent to a current. This he called the "displacement-current,"

and for the case of vacuum he said that the displacement-current-

density is precisely equal to the rate-of-change of the field, multiplied

by l/4x.

^ I introduce the words "unit amplitude" to shield the reader from drawing the
false inference that wave-speed depends upon wave-amplitude.
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In vacuo, therefore, there is a current-density (l/47r) times the

rate-of-change of Eo sin nt, and it has an ampHtude of (nEo/4:T) and

is 90° ahead of the field in phase. To this current-density corresponds

the speed of light in vacuo, the well-known constant c. The speed

of light in the non-ionized lower regions of the atmosphere differs so

little from c that we need never bother with the difference, which

henceforth will be ignored.

When the waves pass out of ordinary air into the ionosphere, there

is still the displacement-current but now in addition there is the

current borne by moving electrons. Here is a second pitfall. It

may seem obvious that the electron-current must add on to the

displacement-current, creating a total current-density greater than

that in vacuo and therefore lowering the wave-speed. Not so at all

!

The point is, that when the electrons are truly free, the field sets

them into oscillation in such a curious way that when they become

adjusted, they are oscillating with their velocities 90° behind the field

in phase. Their contribution to the current, being proportional to

their velocity, is also 90° behind the field, and hence in perfect opposi-

tion of phase to the displacement-current.

Therefore the electron-current density—call it le—is to be subtracted

from the displacement current-density! Accordingly I write,

W2 _ w(l/47r)£o /jx

c2 w(l/47r)£o - /.

The reader may suppose that the factor cos nt, common to both

currents, has been divided out.- The quantity le is clearly propor-

tional to Eo and also to our familiar N the density of electrons, and

in fact the reader can undoubtedly work out with ease that it is

equal to NEoe^jmn. Here e and m stand for the charge and mass

of the ion, as is customary. Therefore we find:

u'~ 1 1

(2)
c^ 1 - ^TrNe-jmn- 1 - Ne-jirmf-

The wave-speed is greater in the ionosphere than it is in vacuo or or-

dinary air. I now recall from the most elementary optics the principle

that when two media adjoin in which light has different wave-speeds,

and light passes through their common boundary into the medium

where its speed is greater, it is refracted away from the normal to the

boundary. Accepting for the moment the over-simplified model of the

2 Actually Maxwell's theorem does refer to the amplitudes of the currents—but

if the currents are not exactly 0° or 180° apart in phase, the amplitude of one must

be taken as a complex quantity.
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ionosphere in Fig. 1, and considering the lower frequencies, we have

the non-ionized lower atmosphere and the £-layer for these media.

The paths of the waves are drawn accordingly. Now I further recall

that total reflection occurs for all values of the angle of incidence i

greater than that given by the equation

:

sin i = c-jur. (3)

Thus we see that for any frequency whatever, total reflection must
occur when the waves impinge with sufficient obliqueness upon the

ionosphere; but (so long as cju does not sink to zero) total reflection

will not occur if the waves rise vertically, or in a direction sufficiently

near to the vertical.

The waves thus penetrate or are reflected back from the ionosphere,

according as their angle of incidence thereon is less or greater than a

certain critical value. Here is the explanation of what is called

"skip-distance": the sky-wave is perceived beyond a certain distance

from the source, but not within that certain distance.^

But all this seems to have nothing to do with the usual conditions

of experiment, in which, as I intimated, the signals are sent up verti-

cally! It is indeed a fact that in optics, no case is known in which

total reflection occurs at vertical incidence. Yet equations (2) and

(3) predict that if ever c^ju^ should vanish, total reflection would
extend even to vertical incidence. Now there is nothing mathemati-

cally impossible or physically unplausible about the condition for the

vanishment of c^ju^, which is simply that / should be equal to fc

given thus:

fc- = Neyirm (4)

or alternatively that TV should be equal to Nc given thus:

iV. = TTw/Ve-. (5)

Here we have the basic formula of the analysis of the ionosphere;

for it is assumed that vertically-rising waves or signals of any frequency

/ climb until they reach the lowest level at which N is equal to Nc,

and there they find their mirror or their ceiling, and are converted

into echoes which return. Equation (5) is the formula for the "mirror-

density" for signals of frequency c, to which I above referred.

It sounds all right to say that dju^ is zero when N = Nc, and

negative when N > Nc] but it is disconcerting to notice that this

^ Notice incidentally that owing to the curvature of the earth and its overhanging
ionosphere, the angle of incidence can never rise to 90°; it follows that waves of

frequency beyond a certain value (ordinarily around 30 mc.) never suffer total

reflection.
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amounts to saying that the phase-speed is infinite when N = Nc,

imaginary when N > Nc. However, the concept of phase-speed is

of such a quaHty of abstractness, that even these statements imply

nothing absurd in the physical situation. The signal-speed itself

remains safely finite and real.

The signal-speed is strictly indefinite, since the signal distorts itself

as it proceeds. However, the practice is to identify it with the group-

speed V, which, as I intimated (page 462), is the speed of the beats

formed by two superposed wave-trains difTering infinitesimally in

wave-length, each such beat being a very special type of signal.

The formula is,

. = „-XW<iX) = «/(l-^^)- (6)

It is difficult to visualize or derive without a diagram,* but the deriva-

tion may be summarized as follows. Imagine two superposed wave-

trains of phase-speeds u and u + du, wave-lengths X and \ -\- d\;

consider two consecutive wave-crests A, A' of one and two consecutive

wave-crests B,B' of the other; transpose temporarily to a frame of

reference in which the former wave-train is stationary. At a certain

place and time A and A' will coincide, and the maximum of one of

the beats will be right there. Let the time dXjdu elapse; when it

has elapsed, the crests B and B' will be coinciding and the maximum
of the beat will have moved on by one entire wave-length. The beat

therefore travels with speed Xdu/dX in the temporary and with speed

u — \{du/dX) in the original frame of reference (the minus sign is

evident when the reasoning is gone through in detail).

Combining (6) with (2) one finds:

V — c~Ju; (7)

the greater the phase-speed, the slower the signal ! Relativists will

be pleased to observe that according to this formula, the signal never

attains any speed greater than c; students of quantum mechanics

may be misled by its superficial resemblance to a formula relating

phase-speed to group-speed for de Broglie waves, with which it has

nothing to do. Students of the ionosphere should remember its

approximative character. Almost all that needs to be known for the

purposes of this article is, that as a signal climbs into the ionosphere

it goes more and more slowly, the nearer N approaches to that value

Nc where the signal finds its ceiling.

^ Cf. this journal, 9, 173 (1930), or my Introduction to Contemporary Physics,

2nd edition, p. 147.
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Characteristic Curves of the Ionosphere: the (h',f) Curves

Now that we have the concept of a signal ascending until it reaches

the ceiling where N = Nc, we will consider first the to-be-expected

relation between true height of ceiling and frequency of signal, then

the relation between delay of echo and frequency of signal. By
following this order we pass from the unobservable to the observed,

which is the reverse of the customary way, but nevertheless has its

advantages. Let z stand for height over ground when used as inde-

pendent variable, with N depending on it; h for the height of the

mirror or ceiling for signals, when expressed as a function of the signal-

frequency /.

Take first the oversimplified model of the ionosphere appearing in

Fig. 1 : N having the values Ne over one range of heights and

Nf (> Ne) over another range at a higher elevation, and the value

zero elsewhere. It is evident that the {h,f) curve for such an iono-

sphere would consist of two horizontal lines or "branches," extending

respectively from abscissa to abscissa /e = 'vNE^hrm and from

abscissa/^ to abscissa /f = '^Npe'^/Trm respectively. The latter would

lie higher than the former; there would be a jump or gap between

the branches. The names "£-branch" and "F-branch" for these

last are obvious, and so is the usage "penetration-frequency of the

E (or F) layer" iov Je or fp; "critical frequency" is also used.

Next we approach closer to the truth by supposing that N rises

continuously with increase of z across the £-layer and also across the

F-layer, Ne and Nf now representing the highest iV-values found in

the respective layers. The two branches of the (h,f) curve would

then be no longer horizontal, but slanting or probably curving upwards

toward the right.

In the foregoing paragraph it was tacitly assumed that TV still

vanishes between the layers; but now let us approach still closer to

the truth by postulating the sort of dependence of iV on z shown in

Fig. 3A. Here N drops with further increase of height after the

"crown" of the -E-layer is reached, but it does not fall to zero. It

might, however, just as well fall to zero so far as reflections are con-

cerned, for the signals which could be reflected from these regions

never reach them. Regarding the curve of Fig. 3A as a sequence of

hills and valleys, we see that the valleys contribute no echoes. The
£)-branch of the (h,f) curve refers to the left-hand side of the first

hill; the F-branch refers to the left-hand side of the second hill, and

not even to all of that, but only to the portion which rises above the

first hill. Thus Fig. 3B, with its upturning branches and its gap,

represents the {h,f) curve for the ionosphere of Fig. 3A, without in



468 BELL SYSTEM TECHNICAL JOURNAL

the least depending on the dashed parts of the N{z) curve of Fig. ZA
or indicating anything whatever about those parts except that they

do not rise above the ordinate Ne.

Now if the signal and the echo traveled fro and to with the speed c,

the delay T of the echo multiplied by \c would be the height of the

ceiling. This, however, is not the case, since the signal-speed depends

on N. We must therefore denote the product \cT by another symbol

h' , and make an inquiry into the probable dependence of h' on /,

taking into account our vague knowledge as to the dependence of

signal-speed on N.

ALTITUDE FREQUENCY

Fig. 3

—

A. The "curve of inference": conjectural dependence of number N of

electrons per unit volume on true altitude h. B. The "curve of data": dependence
of virtual altitude h' of ceiling (one-half the delay of the echo, multiplied by c) on
frequency /,

It is easily seen that h' must be greater (or at least no less) than h,

and that the excess of h' over h must be larger, the farther the signal

travels through regions where N is almost but not quite equal to Nc.

The {h' ,f) curve must therefore lie above the {h,f) curve, and farthest

above it in the immediate neighborhood of the gap on both sides.

There will still be an E-branch and an F-branch, but the upturns

toward the right-hand ends of these branches will be exaggerated, and

an upturn running to the left will be introduced into the left-hand end

of the F-branch. It is conceivable that these upturns may become

so large, that the {h',f) curve will appear to show a peak where the

{h,f) curve would show a gap.

With the remark that h' is known as "virtual altitude," "virtual

height," "equivalent height," or "efifective height," I turn now to

examples of the characteristic {h',f) curves of the ionosphere.
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Figures 4 and 5 show two examples of these curves, from data

obtained while the sun was high in the sky. Actually there are two

curves in each of the figures; the appearance is that of a single curve,

repeated with a sidewise shift. I mention that this repetition is due

to the earth's magnetic field, but ask the reader to ignore for the

present the right-hand curve and fix his attention on the left-hand one.

Here he will see the E-branch, the gap, and the 7^-branch. The
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Fig. 6—Characteristic (/?',/) curves obtained with the multi-frequency apparatus;
sun high in sky, F\ crinkle apparent. (Carnegie Institution of Washington.)

Upturns to right and left of the gap are striking on Fig. 5, insignificant

in Fig. 4. The F-branch is deformed by an enormous hump or crinkle.

This is supposed to correspond to a second gap, the upturns on right

and left being so pronounced as to give a perfect semblance of a peak;

indeed one sees in Fig. 5 how readily the gap between £ and F might

have been drawn as a peak. Curves of this sort are therefore taken

as evidence for three layers in the ionosphere, denoted by -E and F\

and Fi. Sometimes there are signs of a fourth, lying between E and

F<i, and denoted by M or Ri.

So great is the interest in curves like these, and so much do they

vary from time to time and from place to place, that lately there

have been more than a score of stations over the world engaged in

making them. At some of these the tracing of the curves is speeded

up and made incessant by a remarkable machine developed at the
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Bureau of Standards and the Carnegie Institution. Automatically

sending out the signals ten times in a second, and changing the fre-

quency by (on the average) 1600 cycles between each signal and the

next while the photographic film is moved a tiny bit from left to right,

this "multi-frequency apparatus" traces the ih',f) curve over the

0.516 2 3 4 5 6
FREQUENCY IN MEGACYCLES PER SECOND

Fig. 7—Characteristic {h',f) curves obtained with the multi-frequency apparatus;
sun low in sky, Fi crinkle missing. (Carnegie Institution of Washington)

frequency-range between 0.516 mc. and 16 mc. in fifteen minutes,

and then goes right back and does it over and over again. Figures 6,

7 and 8 show individual curves thus automatically taken, and Fig. 15

a sequence of them spanning several hours of the day.

In Fig. 6 are curves with crinkles in the /^-branch, similar to those

of Figs. 4 and 5. In Fig. 7, however, the crinkle is missing, and the
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F-brarich sweeps smoothly and slowly upward from its commencement.
(The forking signifies that here are two similar curves lying side by
side as in the previous figures, but overlapping so much that over a

large part of their course they are not distinct.) Many observations

have concurred in showing that the crinkle is present only when the
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Fig. 8—Multiple echoes. (Carnegie Institution of Washington.)

sun is high in the sky (within some 40° of the zenith)—therefore

absent by night and at the beginning and end of day, and indeed

absent all day in winter where the latitude is high. This is our first

example of the dependence of the ionosphere on sunlight, a very

important feature.
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In all of these photographs the curves are repeated several times

along the vertical direction. This signifies echoes which have traveled

four, six, eight or more times between ground and ionosphere, being

reflected by both. Figure 8 shows a wonderful multitude of such

echoes.

The curves of Fig. 9 are sketches generalized from many data.

Contrasting those on the left with those on the right, we see the
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sees the curve lengthening out to the right as year follows year.

During this series of years the sun spots were growing more frequent:

the sun was in the ascending part of that eleven-year cycle of its fever,

of which the sun spots are one of the manifestations, while the form

of these curves is another. Do not, however, misread this statement

as meaning that the curve lengthens out, when and only when there

are sun spots on the solar disc ! there is no such correlation.
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curves with the sun having been presented as if for its own sake.

Much work in the field does stop at this point, and is not without

value in spite of its stopping there. The theorist indeed may care

for an {h' ,f) curve only as material for deducing the {N, z) curve

—

the distribution-in-height of the ions—to which he aspires. It is,

however, fortunate that this is not the only value of the {h' ,f) curves,

for as we now shall see, the derivation of the {N, z) curves from them

is full of difficulties.

Perhaps the greatest of these difficulties springs from the dependence

of the signal-speed on N, which is to blame for the difference between

virtual height h' and true height h. Even if it is fully justifiable to

identify signal-speed with group-speed v, the difficulty is not banished.

It resides in the fact that Qi' — h) depends not on things already

known but on the very thing one is striving to find out, to wit, the

distribution of ion-density in the ionosphere. The value of h for any

particular h' depends indeed not on the value of N at that height

alone, but on the values of N at all inferior heights. The problem

is somewhat like having to solve for x an equation in which x appears

badly entangled on both sides of the equals sign. The mathematical

technique is difficult and approximative.

Another major difficulty resides in the fact that when N varies by

an appreciable fraction over a distance equal to a wave-length of the

waves, the consequences of the theory become a good deal more

complex than those embodied in the simple equations (4) and (5).

For instance, partial reflection may occur at a level where N is rising

rapidly, though as yet far below the mirror-density Nc. One cannot

therefore say that whenever an echo is observed on a frequency /,

there must somewhere exist an electron-density related to / by (5).

The literature is full of allusions to mystifying echoes, some of which

are ascribed to partial reflection. Figure 2 shows an £-echo and an

F-echo received from the same signal; and many a {h',f) curve shows

the ^-branch running along for quite a distance underneath the

jp-branch, instead of stopping at just the abscissa where the F-branch

begins.^ Yet on the other hand, the £-layer may be denser at some

places than it is at others of equal altitude, and parts of a signal may
be reflected from the places of high density while other parts slip

between these and go on to the F-layer. The assumption that N
depends on z only, which hitherto has been taken for granted in this

paper as it is in most theory, is in fact very assailable; and people are

^ This is so well-known a phenomenon that lengthy papers have been written

about it under the name of "abnormal £-ionization," though it seems too common
to deserve the adjective "abnormal."
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beginning to study the distribution of A^^ in the horizontal plane,

e.g. by using obliquely-sent as well as vertically-emitted signals.

Now we turn briefly to a difficulty affecting not the relation between

h' and h, but the relation between Nc and/ presented as equation (5).

This equation was based on the tacit assumption that the electric

force on a single electron is the same as though there were no other

electrons at all in the ionosphere. The assumption has been doubted,

and quite a polemic has ranged about it. The question is in fact a

special case of one of the most pestiferous questions of all mathematical

physics, occurring for instance in the theory of magnetized bodies

and of bodies polarized electrically: when a great many similar atoms

side by side are exposed together to an external field, how is the force

suffered by any one of them modified by the presence of its equally-

affected neighbors? One strongly-held position is, that there is such

a modification which manifests itself in a factor 3/2, to be multiplied

into the right-hand member of equation (5). A test experiment has

been devised, and the early results have favored this theory. The
presence or absence of this factor alters in equal proportion all the

ordinates, but does not modify in the least the trend of the N{z)

curve; but the student specially interested in numerical values of N
must discover, from each paper wherein such are given, which formula

was used in computing them.

After uttering all these warnings about the theory underlying the

(TV, z) curves, I will risk a few statements about the curves themselves.

The shape of the {N, z) curve, when the sun is low in the sky and
there is no crinkle in the {h'f) curve, is roughly that of Fig. ZA. If

the sun is within some 40° of the zenith and the crinkle is present in

the {h'f) curve, the theory indicates not that the 7^-peak of Fig. ZA
has split into two, but rather that a bulge has appeared on the left-

hand side of the i^-peak. The letters Fi and F^ are then applied to

the bulge and the peak, respectively. If the shape of the {h' ,f) curve

indicates yet another layer between E and Fi, it appears as a small

hump in the valley between the peaks of Fig. 2>A

.

As for the iV-values, those of most interest are those corresponding

to the crests of the peaks; or to define them better by staying closer

to the data, they are the ones corresponding to the points on {h'f)

curves which adjoin the gaps or lie at the tops of the crinkles. These
may be called the values corresponding to the "crowns" of the

several layers.

At Huancayo in the Peruvian Andes, at a typical summer noon,

N has the values 1.8-10^ - 3.3 lO^ - 1-10« at the crowns of the

layers £, Fi, Fz: so says Berkner. At Slough near London, at noon
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on a certain day of early spring (1933) Appleton found 1.2-10^ at the

crown of E and 3.8-10^ at the crown of F, the F-layer being at that

time and place not differentiated into Fi and F^. These figures are

not far apart, if E be compared with E and Fi with F; but with a

little search I could have found plenty of values differing much more
greatly, as is attested by Figs. 9 and 10. From the former of these

we have already deduced that critical frequencies vary as the sunspot

cycle proceeds: I now add that from minimum to maximum of the

cycle just ending, TV at the crown of the £-Iayer increased by three-

fifths while N at the crown of F2 went up no less than fourfold ! From
Fig. 10 we infer, by squaring the values of critical frequencies, how
great is the change of these iV-values with hour of day. Sudden

unaccountable changes also occur; one evening over Cambridge

(Massachusetts) the iV-value for the E-layer was more than tenfold

the valuies given above, being ascertained by Mimno as 2.8-10^!

I therefore summarize, as precisely as seems justifiable: the N-

values at the crowns of the layers vary with hour of day and time of

year and year of the sunspot-cycle very markedly, not to speak of

sudden unexplained fluctuations; and 10^ to 10^ electrons per cc. is a

good figure to keep in mind for the order of magnitude thereof.

To terminate this section I show Fig. 12, in which the delay of the

echo for a certain frequency (2 mc.) is plotted against time during the

hours preceding and following dawn. Interpreting with the aid of

Fig. 3A : during the night the -E-peak was too low to echo back the

signals of this frequency, which accordingly climbed farther and found

their mirror in F; but at 6:35 a.m. very sharply, the E-peak increased

in height to just the extent needed to intercept them. Or since

confusion may arise from using the word "height" in two senses,

I express what went on in an exacter way: during the night the electron-

density at the crown of the £-layer was inferior to the mirror-density

for/ = 2 mc, but with the oncoming of day it rose, and at 6:35 a.m.

very sharply it attained and overpassed that mirror-density.

I recall that Fig. 1 1 exhibits how the virtual altitudes of the layer-

crowns vary with hour of day and season of the year in the sky over

Washington. It is evident that £ is a fixture of the ionosphere with

a virtual height surprisingly steady at the close neighborhood of 120

km, while F rises and falls in the course of a winter day, rises and

falls and divides and merges again during a day of summer.

Now we must take brief notice of a difficult subject: the forkings

and the doublings of the iP',f) curves, and the theory which finds

their source in the earth's magnetic field.
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A magnetic field, the earth's or any other, should have no effect

whatsoever on radio waves so long as these are traveling in air com-

posed entirely of neutral molecules. When, however, the waves are

setting electrons into motion, the moving electrons are affected by

the field, which has a twisting action on their paths. We have seen

already that the moving electrons react, so to speak, upon the waves,

raising the wave-speed thereof. By altering the motions of the

electrons, the magnetic field will influence at second hand the waves

themselves. But will the result be perceptible? In view of the fact
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least is realizable in practice. I cannot venture to give the theory

of even this one, but at least I will attempt to describe what happens.

The special case occurs when the waves are traveling at right angles

to the field. Since they travel vertically,^ it is necessary to find a

place on the earth where the field is horizontal. Such places are found

in the equatorial regions only, and these are not precisely crowded

with universities or engineering experiment stations. However, the

Carnegie Institution of Washington was inspired, several years ago,

to set up a station in just such a place: Huancayo, in the Andes of

Peru. Here they established long straight horizontal antennae, one

running north-and-south, another east-and-west, and yet another

northeast-and-southwest. In the waves which mount from these to

the ionosphere and then come bouncing back, the electric field Eq sin nt

—henceforth to be called "the electric vector"—is faithful to the

direction of the antenna. They are called "plane-polarized waves."

When the north-south antenna is used, the electrons are impelled

to and fro in the north-south direction which is that of the magnetic

meridian. Now as is well known, an electron moving parallel to a

magnetic field behaves just as it would if there were no such field at

all. These waves ought therefore to behave according to the theory

which we set up while we were still disregarding the magnetic field.

They are the so-called "ordinary waves" or "o-waves."

When the east-west antenna is used, the electrons of the ionosphere

are impelled to and fro in the east-west direction, which is transverse

to the earth's magnetic field. This is just the condition for the

maximum amount of meddling by the field in the motion of the

electrons. The meddling consists in bending the electron-paths into

curiously twisted arcs. The action of the magnetic field i? tantamount

to strengthening the electron-current-density le parallel to the electric

vector. It will be recalled (from page 464) that it is /« which for

small iV-values cancels a part of the displacement-current and so

speeds up the waves, and for a certain critical iV-value cancels the

whole of the displacement-current and so brings about total reflection.

So, for these "extraordinary waves" or ":x;-waves," a given iV-value

produces a greater augmentation of the wave-speed, and the critical

A/'-value for total reflection is smaller, than for the ordinary waves.

The signal composed of x-waves, mounting into the ionosphere, finds

its appropriate mirror at a lesser altitude than does the signal composed

of o-waves, and it gets earlier back to earth. It may indeed come

* In addition to the other advantages of sending the waves up vertically, there

is the feature that the angle between their line of motion and the field is the same
when they are going up and when they are returning.
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back from E while the o-signal goes on to F or from Fi while the

o-signal goes on to F2, or from F2 while the other goes irretrievably

forth into space.

When the northwest-southwest antenna is used, the ionosphere

takes charge of the signals, and separates them into an o-component

and an x-component. Each travels according to its proper law, and

the x-component reaches its lower-down mirror earlier and beats the

o-component back to earth. Two echoes return instead of one.

The earlier is plane-polarized with electric vector east-and-west; the

laggard is plane-polarized with electric vector north-and-south.

Suppose a long straight horizontal antenna is used to respond to the

returning signals. It will respond to both, if pointed north-west-

southeast; only to the earlier, if pointed east-and-west; only to the

later, if pointed north-and-south.

All the foregoing were statements of theory at first, but thanks to

the experiments of Wells and Berkner at Huancayo, they now are

statements of data as well.^ Figure 13 exhibits a small selection from

the data.
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Fig. 13—Echoes of plane-polarized signals near the geomagnetic equator.
(Wells and Berkner.)

Now look again at Fig. 4: formerly I asked the reader to ignore

one of the curves, but now we will compare the two. The circles and

the crosses indicate the o-wave and the x-wave respectively. One is

^ This is a good place to speak of a question which may already have occurred
to many readers, viz. the question why we assume the charged particles in the
ionosphere to be free electrons rather than charged atoms or molecules. Were
they of atomic or molecular mass, the separation of the and x echoes would be
inappreciable, and the "gyro-frequency" later to be mentioned (page 482) would
be quite outside of the radio range. It is not, however, excluded that among the
free electrons there may be a great multitude of charged atoms, perhaps even many
times more numerous than they, though much less influential.
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a fairly close copy of the other, shifted a certain distance along the

horizontal axis. From the magnitude of the shift it is possible to

compute the strength H of the earth's magnetic field; or let me rather

say, it is possible to compute a numerical value which must agree

with H, or else the theory will be vitiated. When the computation

is made, the value turns out to be just a few per cent less then the

field strength at ground-level. The action of the field through the

electrons on the waves is exercised only in the ionosphere, which is

hundreds of kilometers up in the sky; and it is quite reasonable to

believe that these few per cent are actually the falling-ofif in the field

strength from the ground up to that level. Such is the present belief,

and many of those who work in terrestrial magnetism are happy over

the prospect of measuring thus the field in regions where there seems

to be no greater hope of anyone ever actually going, than of going to

the moon.

Actually Fig. 4 shows data obtained in England, which is far from

the equator; I point this out in order to mention that even when the

waves are traveling obliquely to the earth's magnetic field, there is

a separation of the signals into pairs of echoes, and these are still

amenable to theory. In this general case of oblique transmission,

the waves are polarized elliptically—a feature difficult to visualize

without a certain amount of specialized knowledge, but lending itself

to some very neat and pretty experimental tests.^ In the special case

of transmission parallel to the magnetic field, waves initially plane-

polarized should remain of this character but their plane of polarization

should rotate as they proceed. There are indeed so many curious and

interesting details of the influence of the field through the electrons

on the waves, that a writer must be ruthless in ignoring them if he

is to observe decent limits of space. I will mention only in closing

that the "gyro-frequency" eHjlTrmc—-which, in our latitudes is around

1.3-10^ mc.—plays the part of a resonance-frequency. Waves too

close to this frequency are liable to great, not to say distressing,

anomalies in transmission. Theoretical statements about waves in

general are likely to assume two difi^erent forms, one appropriate to

those of frequency higher and the other to those of frequency lower

than the gyro-frequency; it is the former which appears in this paper.

In Fig. 14 there appears something which, if the war had begun

before its discovery, would perhaps have been called a "blackout."

* It may perhaps be regarded as obvious that the ellipse of polarization should

be described in opposite senses in the northern and southern hemispheres, since in

one hemisphere the magnetic lines of force are coming out of the ground, in the

other they are diving in. This inference was tested by a special experiment in

Australia, and the result was taken as establishing the "magneto-ionic theory,"

as this general theory is often called.
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VIRTUAL ALTITUDE IN KILOMETERS
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Being discovered however some years before the war, it was and is

called a "fadeout." The apparatus was that which I mentioned on

page 471 ; accordingly each of the pictures was traced in fifteen minutes,

and as soon as each was finished the next was begun. See how the

pattern of (P',f) curves, familiar and sharp in the earlier pictures,

dissolves into fragments and then is completely wiped out ! Later on

it begins to come back piecemeal, and finally is restored as good as ever.

Since attention was focussed on such events in 1935, they have been

reported by the scores in every year, varying in duration and in

severity. It requires no (h',f) curve to show them, since ordinarily

they cut off communication by radio, and with the sharpness of a

knife. Many an engineer, to quote from Dellinger, has "dissected

his receiving equipment in the vain effort to determine why it suddenly

went dead." Over broad areas the extinction is sudden and simul-

taneous in many fadeouts, more gradual in others; the restoration is

as a rule more gradual.

Shall we interpret this strange and striking effect as a sudden

vanishing of the ionosphere and all the reflecting layers thereof, or as

a swallowing-up of the signals by something which is suddenly created

underneath the ionosphere? Against the first suggestion it is to be

said, that no one can image anything which might so suddenly frighten

all the electrons of the ionosphere back under cover, so to say

—

drive them into the arms of their parent molecules in a few seconds

or minutes—when all day and even at night they manage to hold

their freedom. Such a graph as Fig. 15 speaks also against it forcibly.

Here in the upper part of the figure we see the critical frequencies ^

of F2, Fi and E as located every fifteen minutes on (P',f) curves such

as those of Fig. 14. Each flock of data lies along a curve which,

intercepted though it is by the fadeout, resumes so nearly at the level

where it left off that one can hardly believe that the ionosphere totally

vanished in between. ^°

As for the curve marked "/m/jv" in Fig. 15, it represents the lowest

frequency at which echoes are observed. I have said nothing as yet

about there being such a minimum-frequency. How indeed can there

be one, and why should signals of any frequency however low fail to

be echoed, since the mirror-density for any higher frequency is a fortiori

more than a mirror-density for any lower?

' For the ordinary waves, as indicated by the superscript in symbols such as /"e-
1° In violent magnetic storms the ionosphere is so convulsed that the echoes

lose their sharpness entirely, and ih',f) curves like those of Fig. 7 are replaced by

broad smudges; or echoes may vanish altogether. These are quite different from

fadeouts.
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Attempting to supply an answer to this question, I point out that

in such part of the theory as I have thus far given, there is nothing

corresponding to absorption. This is because the electron-current
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wave-swept aether as though there were nothing else in the world

but itself and the waves. If, however, the electron were occasionally

to strike and bounce off a molecule it would leave some (even though

but a small part) of its kinetic energy behind, and this would have

to be replenished by the waves. Indeed as soon as collisions are

taken into account, the algebra tells us that the electron-current is

no longer in perfect quadrature with the electric vector. Dissipation

of energy occurs together with reflection, and if it is sufficiently great

—if, that is to say, the electrons collide often enough with molecules

—

it takes the place of reflection. In the terms of my acoustic simile

on an earlier page, the signals are no longer echoed back from the hard

slopes of the mountain-range of Fig. ZA, but are swallowed up and

lost as if in something soft and woolly.

One would expect absorption to occur in the lower reaches of the

ionosphere rather than in the upper, since the air is denser there and

the electrons suffer many more collisions. The absorbing layer, that

is to say, must be situated just where it is able to cut us off from the

reflecting layers by dissipating the signals which we send. Why
should it do so occasionally with such completeness, and most of the

time not do so at all, for any except the lowest frequencies?

For an answer to this query, one looks again to the sun. Ordinarily,

we will suppose, the ionizing agent coming from the sun penetrates

deep enough into the air to form the reflecting layers high overhead,

but is nearly consumed in so doing. Occasionally, though, the sun

sends forth a quite abnormal transitory burst of radiation, so strangely

constituted that it passes the reflecting layers without contributing to

them or weakening itself, and continues so far down that at the level

where it at last engenders free electrons they constitute a layer ab-

sorptive and not reflective. This would be no more than an ad hoc

assumption, were it not that brilliant eruptions are frequently seen

on the face of the sun at the moments when fadeouts are commencing.

To some extent it is still an ad hoc assumption, for the light whereby

the eruption is seen is certainly not ionizing light, and we must assume

that the visible light is attended by rays of other wave-lengths having

just the properties desired. Coincidence of fadeout and eruption is,

however, so frequent, that it would now take a very sceptical mind

to reject the assumption. The trend of the curve "/m/.v" in Fig. 15

sustains it.

And so I have now come back to the theory that it is radiation

from the sun which makes the upper atmosphere into an ionosphere,

by detaching electrons incessantly from the molecules thereof. (The

detaching must be incessant, for the electrons are always liable to
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recapture by the molecules.) Of this theory it may be said that the

major facts confirm it, though at night the E-ionization persists so

tenaciously that we are obliged to seek for a separate agent (meteors,

perhaps?) ; while numerous minor discrepancies can be explained away
by making special assumptions which can neither be confirmed nor

refuted because there is so little independent knowledge of the upper

atmosphere. Not a very satisfactory situation for the present, but

at any rate one which offers endless promise

!

Thus it can readily be seen that as the ionizing light descends from

heaven through the upper air, the ionization per unit volume should

at first increase (because the air is getting denser) and then decrease

(because the light is getting to be used up). This offers an explanation

for a layer; and the mathematical working-out of the idea—due in

the main to Chapman—shows that not only the existence but the shape

of either peak in the curve of Fig. 3A is compatible with the theory.

But there are several layers and peaks, not just one; how does this

come about? Well, the atmosphere is a mixture of several gases,

differently susceptible to the ionizing light; one can attribute a peak

to each gas (indeed more than one to a gas, by invoking different

states of the molecules). The height of a peak, the iV-value at the

crown of a layer, should rise and fall as the sun rises and sinks in the

sky. This is true of the layers E and Fi, as we saw from Fig. 11, and

again there is a quantitative theory by Chapman, which is borne out

in some though not in full detail. Of F2 it is not always true, as

Fig. 11 proclaims; there is a minimum at noon in summer, and the

highest iV-values of all are attained in winter! One tries to cope with

the discrepancy by assuming that as the sun climbs higher in the sky,

the F2 region expands so much in the heat that although the total

number in the region is properly increasing, the number in unit volume

suffers a decline. The layers do not disappear at night, though the

A^-values shrink. There seems to be plenty of time for recapture of

all the electrons between sunset and sunrise, and one is driven to

hunt for other causes of ionization which emerge when the sunlight

is gone. These remain mysterious. Inrush of meteors into the high

atmosphere has been suggested as one of the causes, and also incessant

streams of charged particles similar to those which become intense

during magnetic storms.

Sunlight is therefore not the only, yet apparently the major factor

in maintaining the ionosphere. Not, however, any sunlight that we
ever feel! This portion of the sun's outpourings is so thoroughly

consumed above that it never reaches down to the levels where we live.

Were it not so consumed, we should not be able to communicate by
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radio very far over the earth. The reader may think that this is not

very important: our ancestors lived without radio, why should we
worry about lacking it? Well, it is probably quite true that if the

ionosphere were not overhead, we should not be worrying about the

lack of radio. We should in fact probably not be worrying about

anything at all, for we should not be here to worry. The ultra-violet

light of the sun, pouring down upon the surface of the globe unhindered,

would work changes so severe on organisms as we know them that life

would have to be very different, and perhaps impossible. This lethal

light is like an enemy, which in attacking a city spends itself in throwing

up a barrier against itself; and the barrier not only keeps the enemy

out, but is serviceable otherwise to the dwellers in the city.



Abstracts of Technical Articles by Bell System Authors

StereopJwnic Reproduction from Film} Harvey Fletcher. On
April 9 and 10, 1940, demonstrations of the stereophonic reproduction

of music and speech, described in this article, were given at Carnegie

Hall, New York, N. Y. These demonstrations represented the latest

development in a series of researches by Bell Telephone Laboratories,

the first step of which was demonstrated in 1933 when a symphony-

concert, produced in Philadelphia, was transmitted over telephone

wires to Washington, and there reproduced stereophonically and with

enhancement before the National Academy of Sciences.

For the present demonstrations, original recordings of orchestra,

choir, and drama were made at Philadelphia and Salt Lake City ; and at

a later audition the artist or director was able to vary the recorded vol-

ume and to change the tonal color of the music to suit his taste. At
will, he could soften it to the faintest pianissimo or amplify it to a

volume ten times that of any orchestra without altering its tone quality,

or he might augment or reduce the high or low pitches independently.

The music or drama so enhanced is then re-recorded on film, with the

result that upon reproduction, a musical interpretation is possible that

would be beyond the power of an original orchestra, speaker, or singer

to produce.

Wave Shape of 30- and 60-Phase Rectifier Groups."^ O. K. Marti and

T. A. Taylor. The installation of mercury arc rectifiers with a total

capacity of 82,500 kilowatts by the Aluminum Company of America

at Alcoa, Tennessee and Massena, New York, was accompanied by
widespread increases in the inductive influence of the interconnected

power supply networks with resultant increases in the noise on exposed

telephone circuits. Because of the size of these installations, and the

complexity of the supply systems, it appeared impracticable to limit

the rectifier harmonics by the use of frequency-selective devices, which

have been successfully applied to certain smaller installations. How-
ever, the results of a cooperative study indicated that by means of a

relatively simple arrangement of phase shifting transformers, the equiv-

alent of 30- or 60-phase operation of the rectifier stations could be

secured. In this way, the important harmonic components on the

power systems were reduced to relatively small values, and wave shape

and noise conditions were restored practically to normal.

> Jour. S. M. P. E., June 1940.

^Elec. Engg., April 1940.
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This paper describes briefly the voltage and current relations, pre-

liminary tests on a small-scale rectifier, the phase shifting transformers

and their application to this particular situation, and presents data to

indicate their effectiveness.

A New Quartz-Crystal Plate, Designated the GT, which Produces a

Very Constant Frequency over a Wide Temperature Range.^ W. P.

Mason. In this paper, a new quartz-crystal plate, designated the GT,

is described which produces a very constant frequency over a wide

temperature range. This crystal does not change by more than one

part in a million over a 100-degree centigrade range of temperature.

This crystal obtains its great temperature stability from the fact that

both the first and second derivatives of the frequency by the tempera-

ture are zero. Both the frequency and the temperature coefficient can

be independently adjusted.

This crystal has been applied in frequency standards. In very precise

oscillators, and in filters subject to large temperature variations. It

has given a constancy of frequency considerably in excess of that ob-

tained by any other crystal. A crystal chronometer, using this type

of crystal, was recently lent to the Geophysical Union for measure-

ments on the variation of gravity and the chronometer is reported to

have kept time within several parts in 10 million, although no tempera-

ture control was used.

Room Noise at Telephone Locations—//.^ D. F. Seacord. Room-

noise data, based primarily on measurements made at about 900 loca-

tions in and around Philadelphia and Chicago under winter conditions,

were reported informally to the conference on sound at the 1939

A. I. E. E. winter convention. The present article supplements the

earlier material and includes a summary of room-noise conditions ex-

pressed in terms of annual averages based on both the winter survey

data previously discussed and the summer survey data that had been

obtained at about 1,300 locations but had not been completely analyzed

at the time of the earlier report. The summer survey included 500

measurements at locations previously measured during the winter in

and around Philadelphia and Chicago, and 800 measurements at loca-

tions in and around Cleveland, New York City, northern New Jersey,

and Philadelphia. Annual average as used in this article is the mean

of winter and summer measurements. In addition, the present article

includes a brief discussion of outdoor noise and the relative frequency

of occurrence of several predominant sources of room noise.

3 Proc. I. R. E., May 1940.
^ Elec. Engg., June 1940.
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The noise measurements were made with equipment conforming to

the specifications described in the A. S. A. "Tentative Standards for

Sound Level Meters" (Z24.3-1936), using the 40-decibel loudness-

weighting network. The measurements are expressed in terms of

sound level in decibels above reference sound level, that is, 10^^^ watt

per square centimeter at 1,000 cycles in a free progressive wave, each

measurement being based on the average of 50 individual readings.

Electrical Conductance Measurements of Water Extracts of Textiles.^

A. C. Walker. It has been shown that the electrical properties of

textiles depend upon chemical composition, water-soluble electrolytic

impurities, moisture content and manner of drying the material from

the wet state. Selection of a textile for electrical puposes should in-

clude consideration of the influence of chemical composition upon the

properties of the material, absence of significant amounts of electro-

lytes, and the method of drying the material from the wet state.

This paper discusses the water extract conductivity method, its cor-

relation with insulation resistance data, and describes a simple, durable

electrolytic cell which is convenient to use for the conductivity meas-

urements.

^A. S. T. M. Proc, Vol. 39, 1939.
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The Carrier Nature of Speech

By HOMER DUDLEY

Speech synthesizing is here discussed in the terminology of

carrier circuits. The speaker is pictured as a sort of radio broad-

cast transmitter with the message to be sent out originating in the

studio of the talker's brain and manifesting itself in muscular wave
motions in the vocal tract. Although these motions contain the

message, they are inaudible because they occur at syllabic rates.

An audible sound is needed to pass the message into the listener's

ear. This is provided by the carrier in the form of a group of

higher frequency waves in the audible range set up by oscillatory

action at the vocal cords or elsewhere in the vocal tract. These

carrier waves either in their generation or their transmission are

modulated by the message waves to form the speech waves. As
the speech waves contain the message information on an audible

carrier they are adapted to broadcast reception by receiving sets

in the form of listeners' ears. The message is then recovered by
the listeners' minds.

SPEECH is like a radio wave in that information is transmitted over

a suitably chosen carrier. In fact the modern radio broadcast

system is but an electrical analogue of man 's acoustic broadcast sys-

tem supplied by nature. Communication by speech consists in a

sending by one mind and the receiving by another of a succession of

phonetic symbols with some emotional content added. Such material

of itself changes gradually at syllabic rates and so is inaudible. Ac-

cordingly, an audible sound stream is interposed between the talker's

brain and the listener. On this sound stream there is molded an im-

print of the message. The listener receives the molded sound stream

and unravels the imprinted message.

In the past this carrier nature has been obscured by the complexity

of speech.^ However, in developing electrical speech synthesizers

^ Speech-making processes are here explained in the terms of the carrier engineer
to give a clearer insight into the physical nature of speech. The point of view is essen-

tially that of the philologist who associates a message of tongue and lip positions

with each sound he hears. This aspect also underlies the gesture theory of speech
by Paget and others and the visible speech ideas of Alexander Melville Bell. The
author has been assisted in expressing speech fundamentals in carrier engineering
terms by numerous associates in the Bell Telephone Laboratories experienced in

carrier circuit theory. Acknowledgment is made in particular of the contributions
of Mr. Lloyd Espenschied.
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copying the human mechanism in principle, it was soon apparent that

carrier circuits were being set up. Tracing the carrier idea back to

the voice mechanism there was unfolded, a little at a time, the carrier

nature of speech. Ultimately the speech mechanism was revealed in

its simplest terms as a mechanical sender of acoustic waves analogous

to the electrical sender of electromagnetic waves in the form of the

radio transmitter. Each of these senders embodies a modulating de-

vice for molding message information on a carrier wave suitable for

propagation of energy through a transmission medium between the

sending and receiving points.

The Carrier Elements of Speech

This carrier basis of speech will be illustrated by simple speech

examples selected to show separately the three carrier elements of

speech, namely, the carrier wave, the message wave, and their com-

bining by a modulating mechanism. These illustrations serve the

purpose of broad definitions of the carrier elements in speech.

The illustration chosen for the carrier wave of speech is a talker's

sustained tone such as the sound "ah." In the idealized case there is

no variation of intensity, spectrum or frequency. This carrier then is

audible but contains no information, for information is dynamic,^ ever

changing. The carrier provides the connecting link to the listener's

ear over which information can be carried. Thus the talker may pass

information over this link by starting and stopping in a prearranged

code the vocal tone as in imitating a telegraph buzzer. For trans-

mitting information it is necessary to modulate this carrier with the

message to be transmitted.

For the second illustration, message waves are produced as muscular

motions in the vocal tract of a "silent talker" as he goes through all

the vocal effort of talking except that he holds his breath. The mes-

sage is inaudible because the motions are at slow syllabic rates limited

by the relatively sluggish muscular actions in the vocal tract. Never-

theless these motions contain the dynamic speech information as is

proved by their interpretation by lip readers to the extent visibility

permits. Another method of demonstrating the information content

of certain of these motions is the artificial injection of a sound stream

into the back of the mouth for a "carrier" whereby intelligible speech

2 The information referred to is that in the communication of intelligence. There
is, however, static information in the carrier itself. This serves for "station identi-

fication" in radio and may similarly help in telling whether it was Uncle Bill or

Aunt Sue who said "ah."
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can be produced from almost any sound stream.' The need of an

audible "carrier" to transmit this inaudible "message" is obvious.

The final example, to illustrate the modulating mechanism in speech

production, is from a person talking in a normal fashion. In this

example are present the message and carrier waves of the previous

r ///////

CARRIER
CORD TONE OF VOICED SOUNDS
BREATH TONE OF WHISPER

STEADY
AIR

SUPPLY

Fig. 1—The vocal system as a carrier circuit.

examples, for both are needed if the former is to modulate the latter.

However, the mere presence of the carrier and message waves will not

make speech for if they are supplied separately, one by a silent talker and

the other by an intoner, no speech is heard but only the audible intoned

^ R. R. Riesz, "Description and Demonstration of an Artificial Larynx," Jour.

Acous. Soc. Amer., Vol. 1, p. 273 (1930); F. A. Firestone, "An Artificial Larynx for

Speaking and Choral Singing by One Person," Jour. Acous. Soc. Amer., Vol. 11,

p. 357 (1940).
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carrier. Ordinary speech results from a single person producing the

message waves and the carrier waves simultaneously in his vocal tract,

for then the carrier of speech receives an imprint of the message by

modulation.

The Speech Mechanism as a Circuit

The foregoing three illustrations by segregating the basic elements

in speech production reveal the underlying principles. The present

paper treats of these elements as functioning parts of a circuit. In

Fig. 1 is shown a cross-section of the vocal system. The idea to be

expressed originates in the talker's brain at the left top. Thence,

impulses pass through the nerves to the vocal tract with the complete

information of the "message," that is to say, what carrier should be

used, what fundamental frequency if the carrier is of the voiced type

and what transmission through the vocal tract as a function of fre-

quency. The carrier whether voiced or unvoiced is shown for sim-

plicity as arising at the talker 's vocal cords. This carrier is modulated

to form speech having the complete message imprinted on it prepara-

tory to radiation from the talker's mouth to the ear of the listener, who
recognizes the imprinted message.

In discussing the speech mechanism as a circuit, it is clearer to start

with a block schematic. Figure 2 has thus been drawn to sketch the

1 IDEA r-i

I I

I 1

I I
I

Fig. 2^The basic plan of synthesizing speech.

SPEECH
WAVES

basic plan of speech synthesizing. As in Fig. 1, the idea gives rise to

the message which modulates the voice carrier to produce the speech

radiated from the talker's mouth. One can follow the path of the

message from its inception in the talker's brain to its radiation from

his mouth as an imprint on the issuing sound stream. The progress

of the sound stream is also seen from its origin as an oscillatory carrier

to its radiation from the talker's mouth carrying the message imprint.*

The light arrow heads indicate direction of flow while the heavy ones

indicate a modulatory control of the carrier by the message. This

* Here the carrier path is stressed to show the alteration of the carrier sound

stream as it proceeds on its way from the point of origin to the point of radiation.

This also accords with the importance of the voice carrier which is received and used

by the ear, and thus differs from the treatment of the carrier in simple radio

broadcast reception.
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modulatory control is exerted on the carrier wave in part as the carrier

is generated and in part as it is transmitted after generation.

Relevant Carrier Theory

The heart of the speech-synthesizing circuit of Fig. 2 is the part in

which the group of waves making up the message modulate the com-
ponent waves of the carrier. In any one of these modulations, there

is the simple carrier process blocked out in Fig. 3. Here a message ^

MESSAGE
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after the generation of the carrier. Modification of the carrier wave
characteristics by other than the ampHtude of the message need not

be considered here. In the voice mechanism significant ampHtude and
frequency modulations of the carrier occur. Phase modulation takes

place also but will not be discussed because the listener's ear is not

very sensitive to these phase changes in the carrier.

In attempting to segregate the carrier elements of speech we run

into one serious difficulty. In an idealized carrier circuit as shown in

Fig. 3 connections can be cut between the two energy sources and the

modulator so that each boxed element can be studied independently.

With the human flesh of the voice mechanism this is no longer feasible;

the use of cadavers would help very little because normal energizing

is then impossible. The same difficulty often appears in electrical

modulators as, for example, within a modulating vacuum tube where

a grid voltage modulates a plate current. In such a case of common
parts it is necessary to discuss the action of each of the three elements

in the presence of the other two.

With this carrier theory review as a background we are in a position

to analyze the three elements making up the carrier transmitting

system of the human voice. While the picture presented is over-

simplified in details the principles hold and aid in applying carrier

methodology to explain the mechanism of speech.

The Voice Carrier

In electrical circuits the carrier is obtained from an oscillatory energy

source. The same holds for speech. In the electrical circuit the os-

cillatory waves (a-c.) are ordinarily generated from a supply of d-c.

energy.^ The same is true in speech with the compressed air in the

lungs furnishing the steady supply. Confusion must be avoided, for

in speech the conversion of steady to oscillatory energy is often de-

scribed as modulation. Here this conversion of energy form will be

considered as an oscillatory action so that the term modulation can be

reserved for the low-frequency syllabic control of this oscillatory energy

to produce the desired speech. Oscillatory then will refer to automatic

natural responses while modulatory will refer to forced responses which

are controlled volitionally. This distinction is consistent with carrier

terminology.

In the simplest electrical modulating circuits the carrier is a sine

^ In the usual electrical circuit the carrier is cut off by turning off the output but
leaving the carrier oscillator energized as, for example, in voice frequency telegraphy.
In the voice mechanism, however, the oscillator is stopped at the source. The
difference between the electrical on-off switching and the start-stop switching of

speech is not fundamental but results from the use of the most suitable action in

each case in view of the conditions prevailing.
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wave although this is not true of the damped wave carriers of multi-

frequency type once commonly used in spark wave radio telegraphy.

The carrier wave in speech is not a simple sine wave. Such a sound

would be like a whistle and so too limited for the rich flexibility of

speech. Instead the voice carrier is a compound tone having a multi-

plicity of components of dififerent frequencies which together cover the

audible range fairly completely. While these components may be

considered as a multiplicity of separate carriers it is simpler to think

of the ensemble as a single complex carrier; so this terminology has

been used in the earlier carrier illustration and elsewhere in this paper.

Aside from this compound nature of the voice carrier, the voice has

two distinct types of carrier, one for voiced and one for unvoiced sounds.

Some sounds such as "z" have both types present at the same time

but this case may be treated as the superposition of one carrier on the

other. For voiced sounds the carrier is the vocal cord tone, an acoustic

wave produced by the vibration of the vocal cords consisting of a

fundamental frequency component and the upper harmonics thereof.

These decrease in amplitude with increasing frequency. For unvoiced

sounds the carrier is the breath tone, a complex tone resulting from a

constriction formed somewhere in the vocal tract through which the

breath is forced turbulently to produce a continuous spectrum of fre-

quency components in the audible range.

These carrier waves must be dissociated from any effects of resonant

vocal chambers, for such characterize the speech message rather than

the carrier. Furthermore, these carrier waves must be mentally pic-

tured as sustained indefinitely with the starting and stopping of them
also characterizing the message wave. Pauses for breath, due to in-

cidental human limitations, do not invalidate the fundamental theory.

The Speech Message

Since a sustained voice carrier has no dynamic flow of information

there is need for a source of message waves and a modulating mecha-
nism for imprinting the message on the carrier. Conversely, any varia-

tion from the sustained carrier infers the presence of a message wave
molding the carrier. The message consists of those articulating,

phonating and inflecting motions of the vocal parts which imprint

the information on the carrier sound stream. The importance of the

message waves cannot be stressed too much. Any impairment of

them is an impairment of the message.

The message waves include the motions producing speech changes

at infra-syllabic rates, such as the effect of anger when a talker may be

high-pitched for many minutes. When the carrier is thus altered over
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a long period of time the question arises whether to use a long- or short-

term value of the carrier. The answer may well be the same as in

the analogous radio problem. If weather causes a carrier frequency

to be slightly high all day, this higher value is taken as the normal

carrier in studying short-term effects such as the degree of modulation.

But in long-term studies of carrier stability the deviations from the

mean represent a frequency modulation which is observed as a "mes-

sage" effect.

Due to the inseparability of the message wave motion and its asso-

ciated wave of impedance change in the modulating mechanism there

may be confusion in distinguishing between the modulating elements

and the source of the message waves. The rule followed here is simple.

From the standpoint of the human flesh lining the vocal tract, the

message source is internal, the modulating elements, external. The
message consists of those muscular motions (or pressures or displace-

ments) in the vocal tract which are present in the "silent talker"

and are volitional in nature. This definition excludes the oscillatory

motions which make up the carrier. The modulating elements are

acoustic in nature since the carrier starts as a sound stream and ends

as a modulated sound stream.

There are three important variations of the voice carrier and so

three types of message and of associated modulation. These varia-

tions are: first, selecting the carrier; second, setting the fundamental

frequency of the voiced carrier; and third, controlling the selective

transmission of the vocal tract.'' The message waves in the three

cases will be discussed with the corresponding modulation reserved for

consideration under the next heading.

Selecting the carrier appears as a simple start-stop message, com-

plicated somewhat by the presence of two types of carrier and by lo-

cating the constriction for the unvoiced type at several places in the

vocal tract. We may think of a start-stop type of message for each

point where constrictions are formed, including the vocal cords for the

voiced type of carrier. A constriction message may be plotted as the

opening between vocal parts at the constriction with critical values

for the onset of audible carrier. The constrictions are to a certain

extent independent. Thus with the vocal cords vibrating, a constric-

tion from the tongue tip to the upper teeth may also be formed, as in

making the "z" sound. Again, in whispering, there may be simul-

^ A fourth message characteristic prescribes the intensity of the speech. This
message may be included in the carrier selection if the carrier is selected for intensity

as well as type. The matter of intensity is passed over rather lightly here because a
comparison is being developed between the human and electrical speech synthesizers

with the final intensity in the latter under control of an amplifier setting.
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taneous constrictions, both of the unvoiced type, one at the vocal

cords and one in the mouth. As the voice has two distinct types of

carrier, the vocal cord tone and the breath tone, the selection sets up

one of four carrier conditions at any instant: no carrier, vocal cord

tone only, breath tone only, or a combination of vocal cord tone and

breath tone. This start-stop message resembles the on-off type of

telegraph where switching controlled by other muscular motions sets

up speech information in another code, that of telegraph. As men-

tioned earlier a communication system can be made with the vocal

system by starting and stopping a voice carrier in a vocal imitation of

a telegraph buzzer. While this would be a clumsy way of communi-

cating information it marks the start-stop control of the voice carrier

as a speech message and not part of the voice carrier. Another check

is that the "silent talker" does form such constrictions.

The second type of message wave specifies the fundamental fre-

quency with any related voice changes for the voiced type of carrier.

This message, in a mechanical form, may be the time variation of the

tension of the vocal cords. As the frequency of each upper harmonic

is changed in the same ratio as the fundamental frequency, a single

parameter suffices for all of the carrier components. The unvoiced

carrier has no message of this type impressed since the unvoiced sounds

are not characterized by pitch.

The third and final type of message wave controls the selective

transmission in the vocal tract. By comparison, the first two types

of message are simple, with the selecting of carriers ideally changing

all components of the carrier by the same amplitude factor and the

fundamental frequency control changing them by a uniform frequency

factor. The vocal transmission, however, results from a multi-reso-

nance condition with more than one degree of freedom. There follows

a selective amplitude modulation with some carrier components de-

creasing in amplitude at the same instant that others are increasing.

Maximum transmission occurs when a component coincides with an

overall resonance, minimum transmission when it coincides with an

anti-resonance and intermediate transmission for other cases. The

voice message for transmission appears in mechanical form as the dis-

placements of lips, teeth, tongue, etc., with as many such displacements

considered as are needed for adequately expressing the speech content.

This infers finding the simplest lumped impedance structure equivalent

to the distributed impedance structure of the vocal tract to the neces-

sary degree of approximation.

All these mechanical displacements of vocal parts that together

constitute the voice message lead to corresponding displacements of
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air in the vocal system, resulting in a set of air waves that likewise

contain all the information of speech. These airborne message waves,

however, are at syllabic rates and so below the frequency range of

audibility.

The Voice Modulators

The three voice modulators associated with the three speech messages

are the mechanisms of (a) selecting the carrier, {h) setting the funda-

mental frequency and (c) controlling the selective transmission. The

mechanism for starting and stopping a voice carrier is simple. Assume

a sustained carrier of either the voiced or unvoiced type. It can be

stopped by opening the constriction at which it is formed. This alters

the acoustic impedance of the opening which is then the modulating

element in this case.

The modulating mechanism for controlling the fundamental fre-

quency appears in the vibrating portions of air at the glottis. The

exact mechanism is of no importance here so long as the message wave

at the vocal cords finds means for altering the fundamental frequency

under the control of the will.^ This is a case of frequency modulation

of multiple carriers harmonically related.

The modulating mechanism for controlling the transmission through

the vocal tract as a function of frequency consists of the masses and

stiffnesses of air chambers and openings in the vocal tract. These are

varied under control of the message in the form of muscular displace-

ments of vocal tract parts. There is a more complicated modulation

in the vocal tract than in the usual electrical circuit for amplitude

modulation because the varying impedances are reactive in the voice

mechanism but resistive in the electrical circuit and also because

several independent modulator elements are used in the voice mecha-

nism as against either a single one or a group functioning as a unit in

the simple electrical modulator. The reactive nature of the vocal

impedances leads to the selective control of the amplitudes of the

various harmonics of the voice carrier. The amplitude modulation of

each carrier component by the combined message waves produces an

output containing the carrier and sideband frequencies.

Comparison of Speech Synthesizing Circuits

The fundamental processes in human speech production are thus

analogous to those of electrical carrier circuits. There is a switching

of voice carrier energy comparable to that in voice frequency telegraph

;

8 For a simplified theory of the larynx vibration see R. L. Wegel, Bell Sys. Tech.

Jour., Vol. 9, p. 207 (1930) and Jour. Acous. Soc. Amer., Vol. 1, Supp. p. 1, April 1930.

The analogy of the larynx to a vacuum tube oscillator is described in an abstract,

Jour. Acous. Soc. Amer., Vol. 1, p. 33 (1929).
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there is an altering of speech frequencies as in frequency modulating

circuits; and finally, there is an amplitude modulation to yield a se-

lective transmission of the various carrier components of the voice.

However, the voice mechanism differs from the usual carrier circuit

markedly as regards complexity. In the voice mechanism there are

two types of carrier each with a multiplicity of partial carrier com-

ponents. The incoming message has a multiple nature. Finally,

several modulations take place including both amplitude and frequency

types. This multiplicity of carrier relations indicates the wide range

of voice phenomena possible.

Any electrical speech synthesizer must be a functional copy of the

human speech synthesizer in providing the essential speech character-

istics sketched in the preceding paragraph. There have been devel-

oped two such electrical synthesizers referred to in the introduction.

A brief description of these will be given followed by some circuit

comparisons.

These electrical synthesizers are known as the vocoder and the

voder. The vocoder was so named because it handles the speech in a

coded form ; the voder, because it serves as a Voice Operation DEmon-
stratoR. Considerable interest has been manifested at the public

showings of each of these synthesizers, the vocoder in a limited number

of lecture demonstrations and the voder at the San Francisco and New
York World 's Fairs. Circuit details have been published elsewhere.^

Of these two speech synthesizers the vocoder was constructed first.

It works on the principle of automatically remaking speech under

control of spoken speech instantaneously analyzed to derive the code

currents for the control. The vocoder as set up for demonstration is

shown in Fig. 4.

The voder was derived from the vocoder by substituting manipula-

tive for automatic controls. The resulting voder as displayed at the

New York World's Fair is shown in Fig. 5. In the Fair demonstration,

repeated continuously at intervals of about five minutes, the male

announcer gives a simple running discussion of the circuit with the

girl operator replying to his questions by forming sounds on the voder

and connecting them into words and sentences. She does this by

manipulating fourteen keys with her fingers, a bar with her left wrist

and a pedal with her right foot. This requires considerable skill by

the operators. The vocoder, automatic in nature, presents no problem

of operating technique.

' The vocoder in the Jour. Acous. Soc. Amer., Vol. 11, pp. 169-177, October 1939,

"Remaking Speech," Dudley; the voder in the Journal of the Franklin Institute, Vol.

227, pp. 739-764, June 1939, "A Synthetic Speaker," Dudley, Riesz and Watkins.
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Fig. 4—^The vocoder as demonstrated.

Circuit diagrams supply a shorthand for expressing the sahent fea-

tures of electrical circuits. In the next three figures comparative block

circuits will be shown for the human and the two electrical speech

synthesizers, tracing the communication from the origin of an idea in

the communicator's brain to final expression as speech. In each cir-
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Fig. 5—The voder being demonstrated at the New York World's Fair.

cuit, the arrangement in Fig. 2 will be followed with sufficient detail

to show the functional relations of the parts discussed in this paper.

Figure 6 gives a block diagram of the voice mechanism of Fig. 1

with approximating electrical circuit symbols. The same communica-

tion paths can be traced. Thus from the talker's brain are sent nerve

impulses that set up the message as a set of muscular displacements

containing information as to the voice carrier to use, the fundamental

frequency for the voiced carrier, and the selective transmission of the

vocal tract. The air expelled from the lungs sets up as carriers the
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Fig. 6—Block diagram of the voice mechanism.

breath tone for unvoiced and the vocal cord tone for voiced sounds.

For simpHcity the carrier selection is shown after instead of before the

carrier generation. These carriers are modulated by the message wave
to produce the output of speech in the form of the message-modulated

carrier in the audible range of frequencies.

Figures 7 and 8 show similar block schematics for the vocoder and

the voder. The voder circuit has been simplified by the omission of a

few controls for easier operation. In these electrical synthesizers, the

carrier is provided by a buzzer-like tone from a relaxation oscillator for

the voiced sounds and from a hiss-like sound from a gas-filled tube for

IDEA
(DETAILS ARE AS

IN COMPLETE CIRCUIT
SHOWN IN FIG.2)

MODULATORS | RADIATOR | SPEECH

\ \ \ I I

,' ' I
I

I

Fig. 7—Schematic circuit of the vocoder.
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the unvoiced sounds. In the vocoder, for simplicity's sake, one or the

other of these energy sources is used according to whether the sound is

voiced or unvoiced, with no provision for the mixed types of sounds

found in the human voice. The analyzer of the vocoder derives the

MODULATORS I RADIATOR I SPEECH i

MECHANICAL

Fig. 8—Schematic circuit of the voder.

original speech message in terms of a modified set of parameters. This

analyzer suppresses the original carrier of the talker and so resembles

the demodulator in radio reception. The analyzer acts as an electrical

ear to tell the artificial vocal system of the vocoder what to say, the

whole vocoder acting as a synthetic mimicker.

The basic similarity of the electrical and human speech synthesizers

is seen in these figures. In all three cases the message is originated

by the brain of the sender of the speech information. There is in each

case a transmission of control impulses by the talker's nervous system

to the appropriate muscles. The muscles produce displacements of

body parts formulating the speech information as a set of mechanical

waves. These waves appear in the vocal tract in the case of normal

speech; in the fingers, wrist and foot in the case of the voder, but in

the case of the vocoder use is made of electrical currents derived from

and equivalent to the vocal tract displacements in ordinary speech.

In each case the message contains the speech information in syllabic

waves. In all cases the message waves control the choice of carrier,

the fundamental frequency of the voiced type carrier and the spectrum

of power distribution in the speech output. Differences arise in the

details rather than in the principles.
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Speech Characteristics from the Carrier Point of View

Now that the mechanism of speech has been described in carrier

terms it is of interest to observe carrier features as they manifest them-

selves in the characteristics of speech. Some of these can be seen by

the eye in speech oscillograms. Some can be demonstrated to the ear

with a speech synthesizer such as the vocoder.

For a visual illustration there is shown in Fig. 9 a high quality

oscillogram taken from Crandall ^^ of the sound "sa" (Plate No. 160.

Spoken by M. B.) for a medium-pitched male talker. The carrier

shown by the oscillogram is of the unvoiced type for the earlier and of

the voiced type for the later part. As one looks at the oscillogram he

sees a great mass of the high-frequency components of the carrier.

Scrutiny, however, reveals modulated on the carrier the message in-

formation in terms of switched energy sources, controlled fundamental

frequency and varied transmission characteristic. Shortly after .17

second the switching off of the unvoiced carrier begins. Remnants of

the unvoiced carrier can be seen in the voice period just before .19

second and the one starting at about .19 second. The switching on

of the voiced carrier appears just after .18 second and seems to be rea-

sonably well completed at the end of the second voice period just

before .20 second. This switching was not instantaneous. However,

the ear probably does not observe the duration time of the switching.

The fundamental frequency falls rapidly at the beginning followed by

a leveling out and then a final slight fall in the last few periods. It

starts at 140 cycles per second, dropping to around 110 in the level

portion, and then to 101 at the end. The resonance conditions cannot

be followed too well by eye. However, around .20 second there is a

major lower-frequency resonance of about 800 cycles. At .33 second

this resonance appears to have increased to 1100 cycles or so. A
similar alteration of resonance conditions may be observed if the little

shoulder on the rear side of the peak just in front of the .25 second mark
is traced in adjacent periods. It can readily be followed back to the

third period just before .20 second and can still be seen in the last dis-

tinct voicing period starting before .39 second. The dynamic variation

of the speech at syllabic rates in accordance with the message content

is thus revealed.

For another visual illustration of the speech message Fig. 10 shows

a set of oscillograms ^^ from the vocoder analyzer for the words "She

saw Mary." The oscillogram of the input speech is the trace next to

10 Bell Sys. Tech. Jour., Vol. 4, p. 586, 1925.
" This figure is a copy of Fig. 3 in the paper "The Automatic Synthesis of Speech,"

Dudley, Proc. Nat. Acad. ScL, Vol. 25, pp. 377-383, July 1939.
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the bottom. The trace below shows the defining current for the funda-

mental frequency, while the ten traces above show currents indicating

the rectified power in ten frequency bands of 300 cycles width except

that the lowest one extends from to 250 cycles. The slow rates of

change are noted in the message currents when compared to the original

speech wave.

Demonstrations of the vocoder indicate to the ear the carrier nature
of speech. Thus the carrier used for remaking speech, whether a
monotone or a hiss sound, is observed to have no intelligibility when
heard alone. The message currents derived from spoken speech are

not audible. However, intelligible "speech" is produced by the modu-
lation of either type of carrier by the message currents of selective

transmission. Similarly, there can be used for the carrier a wide
variety of sound from the puffs of a locomotive to instrumental music.

Upon imprint of the transmission message currents from spoken speech,

new forms of odd sounding but nevertheless intelligible "speech" are

produced.

The carrier conception of speech reveals what is important and not
important in evaluating speech characteristics. An example of in-

terest is the matter of phase. It has long been known that phase
was unimportant to the ear at reasonably low listening levels. From
the carrier point of view this is natural, for the phase changes referred

to are those in the carrier and so, unimportant. When the phases of

the message components are altered, there is a very noticeable effect on
the ear, for phonetic units are now being shifted.

The great advance in recent years in the application of carrier

circuits has been guided by mathematical theory. Since in electrical

speech synthesizers the carrier and message currents are separated

physically, it is possible to use carrier equations expressing the modu-
lation phenomenon. Similar equations may be written for the voice

mechanism as represented by Fig. 6. This has been done in the at-

tached appendix, thus separating speech into syllabic and carrier

factors.

APPENDIX

Mathematical Relations

The speech concepts developed in the body of the paper may be
expressed in mathematical terms which not only give the fundamental
relations in simplest form but also aid in the application of the well-

established carrier technique to speech. For voiced sounds, periodic
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by nature, the carrier C„ may be written as a function of the time / thus:

n

a = T. Ai, cos {kPt + dk). (1)

Here Cv is composed of n audible harmonics of relatively high fre-

quencies with the ^th of amplitude -4 a;, frequency kP radians per second,

and phase dk- The choice of fundamental frequency P is somewhat

arbitrary but may well represent the average of the talker over the

period of interest.

By modulation processes, there is molded on to this carrier the total

message information at the relatively low syllabic frequencies. The

message is divided into three parts: (a) the starting and stopping of

the carrier; (6) the instantaneous fundamental frequency; and (c) the

selective transmission through the resonant vocal tract.^^ These three

message functions as they manifest themselves in varying the carrier

will be represented by s, p, and r, respectively. Equation (1) will be

modified to indicate the effect on the carrier of each of these modula-

tions separately, after which the equation will be rewritten to show the

effect of all three acting simultaneously.

The effect of starting and stopping the carrier is described mathe-

matically as a function of time by multiplying C„ by the switching

function s{t), giving:

n

Switched C„ = ^(0 L ^t cos (kPt -f 9k). (2)
fc=i

For simple on-off switching, s(t) alternately equals zero and unity,

although it may in general represent more gradual changes or even any

variations of intensity over the frequency range.

The instantaneous fundamental frequency is obtained by multiply-

ing P by the inflecting factor p{t). The effect of the frequency modu-

lation ^^ is represented by substituting for Pt the integrated quantity

r Pp(t)dt = P
\

p{t)dt.
Jo Jo

Writing this value for Pt in equation (1) gives the inflected carrier wave:

Inflected Cv = Jl Ak cos
k=l

kP f prnt + eA, (3)

" As in the body of the paper, the effect of phase modulation is neglected here.

13 "Variable Frequency Electric Circuit Theory with Application to the Theory
of Frequency Modulation," J. R. Carson and T. C. Fry, Bell Sys. Tech. Jour., Vol. 16,

p. 513 (1937).
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The effect of the selective transmission is allowed for by multiplying

Cv by the transmitting factor r(co, /), co indicating that the transmitting

factor is a function of frequency at any instant. Applying this factor

in equation (1) gives:

n

Transmitted C^ = E r(oj, t)Ak cos {kPt + dk). (4)

The r factor is placed inside the summation to indicate that as k

changes the different frequencies have different values' of the multiply-

ing factor r. If a multiplicity of carrier waves is assumed, the trans-

mitting factor would be rk{t), individual to the ^th component.

In normal voiced speech, Sv, these three modulations are all present

simultaneously, so that:

Sv = s(t) J2 ^(w, t)Ak cos
k=l

kP f p{t)dt +
'JO

(5)

Equation (5) shows how the message in the form of the 5, r, and p
functions has imprinted its characteristics on the original carrier C»

of equation (1).

The derivation of (5) was for voiced speech. Unvoiced speech,

however, is also covered by (5) as a degenerate case. Nevertheless,

further information is presented by writing out the unvoiced carrier

separately. For unvoiced speech, the frequency P approaches zero

and the number of terms, w, approaches infinity, giving an integral

instead of a finite sum of components in equations (l)^and (5). The
unvoiced carrier C„ is then

:

Cu= I ' A(u)) cos [co/ + ^(co)]^a; (1')

and the unvoiced speech:

Su = s{t)
I

r(o}, t)A{co) cos lojt + d(co)^doj (5')

with the continuously variable frequency cj (radians per second) vary-

ing over the audible range of energy contribution from coi to co2 and
the unvoiced carrier spectrum defined by amplitude A(oo) and phase
d(o}). The unvoiced speech has no inflecting factor but does have
switching and transmitting factors to make up the message impressed
on the carrier.



Manufacture of Quartz Crystal Filters

By G. K. BURNS

Quartz crystal filters used in modern carrier systems present new
problems in manufacturing technique. In the assembly and test-

ing of the filters and in the production of component crystals,

coils and condensers, special factory facilities are required for ac-

curate measurement of frequency and control of atmospheric condi-

tions. The manufacture of quartz crystal plates in particular

combines several fields of applied science, including crystallography,

precision grinding, vacuum technique and high frequency electrical

measurement. Inductance coils and fixed and variable condensers

for use in crystal filters must consistently meet advanced require-

ments, especially in regard to stability. The assembly of these

components into filters resembles the manufacture of radio re-

ceivers, differing mainly because of smaller quantity requirements.

Testing equipment must permit rapid shop adjustment and test

of the completed filters with laboratory precision.

Introduction

ELECTRICAL wave filters employing quartz crystals ^ are used

extensively in broad band carrier systems 2. 3 recently introduced

into commercial service. Such crystals exhibit the property of piezo-

electricity; that is, an electrical voltage applied to the terminals of a

crystal causes a mechanical distortion of the quartz, and vice versa.

Because of this interrelation a plate of quartz, at frequencies near its

mechanical resonance, behaves electrically like the coil and condenser

combination shown in Fig. L The series inductance and capacitance

Fig. 1—Equivalent circuit of a quartz crystal plate. Elements L, C\ and R are

associated with the piezo-electric property and mechanical resonance of the crystal,

while Co represents capacitance between the electrodes.

represent the mass and elasticity of the plate, respectively, while the

shunt condenser represents the capacitance between faces of the

crystal. The damping of such a plate may be made very low, giving

a ratio of reactance to resistance (commonly termed Q) of 15,000 or

^ Numbered references are listed at end of paper.
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higher, as compared with a practical limit of 300 for coils. Stability

of resonance frequency and compactness of dimensi®ns are two further

respects in which quartz crystals surpass the best coils and condensers

available.

Filters designed to utilize these properties generally consist of one

or more crystal plates, plus such condensers, inductance coils and
resistances as may be required to give the desired overall performance.

The principal types used in the Bell System operate at frequencies

ranging from 40 to 600 kilocycles and transmit bands varying from 5

cycles to 6 kilocycles in width. Physical dimensions range up to

3X5X16 inches.

Unusual manufacturing requirements are imposed by the nature of

these filters and of the systems in which they are used. Adjusting

tolerances and stability requirements, for example, range from ± 20

to ± 200 parts per million on crystals and on coil-and-condenser

circuits used in crystal filters. Transmission losses must be measured

to accuracies of the order of ± .03 db at 100 KC. To insure stability

of adjustment during service life, component apparatus must be

protected against dust and excessive humidity. Methods of assembly

and testing must be adaptable to a variety of types of filters, one of

which, the channel filter,* is manufactured by the Western Electric

Company in quantities of 1500 to 5000 per year, while the others

range from 10 to 1000 per year. Long service life must be assured by
proper choice of materials and technique.

In order to satisfy such requirements special manufacturing pro-

cedures are necessary . In reviewing these features it will be convenient

to consider first tho methods or facilities which are used in several

or all stages of the manufacture of crystal filters, second the methods
employed in producing component apparatus for such filters—particu-

larly crystals, coils and condensers—and finally the technique of

assembling and testing the complete filters.

General Facilities

A primary requisite in the adjusting and testing of both crystals

and crystal filters is the precise measurement of frequency. -The

equipment used for this purpose includes a standard frequency gener-

ator containing a 100 KC crystal oscillator. This generator normally

maintains a frequency accuracy of about 1 part in 2,500,000 operating

under the control of the Bell System master frequency standard in

New York, but will remain accurate within 1 part in 1,000,000 even

though the master signal is interrupted for as much as 24 hours.

Three sub-harmonics of 100 KC, namely, 100 c.p.s., 1000 c.p.s. and
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10,000 c.p.s., are distributed to all test positions. Oscillators supplying

the individual test sets are provided with cathode ray oscilloscopes, by

means of which they can be synchronized with any multiple of the

three standard frequencies. To set up an odd frequency not coinciding

with any multiple it is necessary to interpolate dial readings between

two synchronized points.

Control of atmospheric conditions also plays an important part in

the manufacture of crystal filters. The temperature coefficient of

frequency of the crystals most commonly used is about 15 parts per

million per degree Fahrenheit. For some filters, in order to secure

uniform performance throughout the temperature and frequency

ranges encountered in service, these crystals must be adjusted within

tolerances as small as 40 parts per million. Fluctuations of as little

as 2° F., in such cases, must be taken into account during the adjust-

ment of the crystals. In addition, crystals, coils and condensers are

all sensitive to the effects of excessive humidity. To minimize such

difficulties, the assembly and testing of these components and of the

filters in which they are used are carried out in air conditioned rooms

controlled at 75° ± 2° F. and approximately 40 per cent relative

humidity.

Crystals

Of the several component parts used in crystal filters, the first to be

considered in detail are logically the quartz crystals themselves. Their

properties of low loss and high stability are primarily responsible for

the unusual performance of filters in which they are employed.

Natural deposits in the earth constitute the sole source of supply

of quartz crystals, since no practical method of producing them syn-

thetically has been developed. "Raw" crystals suitable for use in

filter manufacture must be unusually large and free from flaws. The
principal source is Brazil, the bulk of the quartz being brought in by

native prospectors to trading posts and shipped to this country via

Rio de Janerio and other coastal cities. The crystals usually range

between 3 and 10 pounds in weight, with occasional pieces reaching

100 pounds.

The raw quartz passes through successive stages of inspection and

selection, commencing at the trading post and culminating in careful

examinations before and during the cutting operations. A concen-

trated beam of light from an arc lamp (see Fig. 2) is used in locating

internal flaws, which generally appear as small bubbles and inclusions

of foreign matter. Quartz takes two distinct forms, left-hand and

right-hand, having opposite piezo-electric polarities. Portions of raw

crystals containing both forms are not usable. This condition, called
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Fig. 2—Inspection of quartz crystals. An arc light beam aids

in the detection of internal flaws.

"twinning," appears as shown in Fig. 3 when observed with polarized

Hght.

For use in filters, quartz must be cut into rectangular plates properly

oriented with respect to the electrical, mechanical and optical axes of the

crystal, as shown in Fig. 4. A polariscope and an X-ray spectroscope

are used in locating these axes to an accuracy of ± 0.25 degree. For

the majority of applications the plate is cut in the plane of the me-

chanical and optical axes, with the long dimension set at an angle of

18.5° from the mechanical axis. This orientation eliminates secondary

resonances in the completed crystal and makes the primary resonance

frequency relatively independent of slight errors in orientation. For

applications requiring a low coefficient of resonance frequency versus
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Fig. 3—Right and left-hand twinning in quartz as seen by polarized light.

temperature, plates are cut with their long dimension 5° from the

mechanical axis. Tolerances in cutting and grinding to thickness,

length and width prior to calibrating are of the order of .001 mm.,

requiring the use of technique similar to that employed in the manu-
facture of gage blocks. A few standard thicknesses, ranging from ,020

to .060 inch, are used for most crystal plates. Lengths vary from 0.5

to 2.0 inches while widths range from 0.15 to 1.5 inches. Because of

unavoidable waste in the cutting and grinding operations and the

rejection of quartz containing flaws, only a small portion of the material

entering the cutting room finds its way into finished plates.

Up to this point the cutting and grinding are purely mechanical

operations, directed toward securing prescribed physical dimensions.

During final adjustment and in service, however, the crystal plate

must be connected as an electrical element. Electrodes are pro-

vided by coating the major surfaces of the plate with aluminum,

using a process of evaporation and condensation in a vacuum, similar

to that employed in the silvering of telescope mirrors. If the plate is

to be used in a balanced filter section which requires a pair of crystal

elements of the same frequency, as is frequently the case, the plating

on each face is then divided in half along the longitudinal axis. This

division, one-hundredth of an inch wide, must have a d.c. insulation

resistance of at least 100 megohms to insure proper operation in some

types of crystal filters.
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Preliminary tuning is accomplished with a fixture, simulating the

final holder, which grips the plate at the center by four contact points,

one on either side of the division in the plating of each face. These

ELECTRICAL
AXIS
X

MECHANICAL
AXIS
Y

Fig. 4—Orientation of a typical quartz plate with respect to its electrical,

mechanical and optical axes.

contacts introduce very little damping, since the mode of vibration

normally employed is longitudinal, with maximum amplitude at the

ends of the plate and a node at the center. The test set-up normally

used consists of two oscillators with a meter arranged to read the



522 BELL SYSTEM TECHNICAL JOURNAL

difference between their frequencies. One oscillator is controlled by
the crystal plate being tuned and operates at its resonance frequency;

the other is controlled by a standard crystal of the desired frequency.

Starting 100 to 200 cycles low, the plate is ground on the ends until its

frequency approaches that of the standard.

The plate is then transferred from the fixture to its final holder,

shown in Fig. 5. This mounting normally accommodates two plates

mm
7 ^ 51 CRYSTAL

^»^^^>^>>ii!^>>'^>>JS^^^^^^^^^^^^^!^^^^^^Z<^^Z

Fig. 5—Crystal plates mounted in holder. The four points at the center of each
plate provide electrical contact and mechanical support.

of different frequencies, each supported at its nodal point by contacts

projecting from ceramic blocks. The entire assembly is held together

by a spring suspension in order to apply uniform pressure at all con-

tacts. To minimize damping, the contacts must be accurately aligned

and the quartz plates must be carefully centered upon them.

A final adjustment of frequency is now performed, as shown in

Fig. 6. Permissible tolerances vary from ± 20 to ± 150 parts per

million for different types of crystals. Crystals having the broader

tolerances and substantial quantity requirements are adjusted by

comparison with a standard crystal, as in the case of preliminary

tuning. The test set shown at the left in Fig. 6 is being used for this

purpose. The upper and lower panels are the oscillators controlled by
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the standard and the test crystals, respectively, while the center panel

indicates the frequency difference between them. For very accurate

work and for periodic checks of the standard crystals it is necessary to

use a precision oscillator, shown at the right.

Fig. 6—Final tuning of a crystal plate using a standard crystal
(in small box at upper left) for comparison.

Occasionally, in the course of adjustment, plates are carried too high

in frequency. In such instances, as a result of the standardization of

thicknesses mentioned previously, the plate normally can be salvaged

by grinding it to the dimensions of the next higher frequency plate of

the same thickness.

Aging occurs in both resonance frequency and effective resistance,

as slight strains created in the quartz and in the contacts during

adjustment relieve themselves. The greater part of the aging takes

place during the first few hours after calibration and nearly all of it

during the first week. In general, the frequency rises a few cycles and
the resistance drops slightly. Crystals on which the frequency toler-

ance is approximately equal to the shift due to aging are stabilized by
one or more temperature cycles, prior to final measurement of frequency

and resistance.
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Coils

Inductance coils are used in some crystal filters, particularly the

channel filter for the newer types of carrier telephone systems. Since

it may be necessary to connect as many as ten such filters in tandem

in a long-distance circuit without appreciable impairment of the quality

of transmission, the filters must meet exacting requirements not only

Fig. 7—Toroidal inductance coil used in crystal channel filter, shown before potting.

at the time of their manufacture but throughout service life. Con-

sequently inductance coils used in the filters must exhibit little aging

or shift with temperature, either in inductance or in effective resistance.

Losses must be kept low in order to meet a Q requirement of approxi-

mately 200. The types employed in channel filters range from 25 to

50 millihenries in inductance and from 60 to 120 kilocycles in operating

frequency.

Unusual features of design and manufacture are employed to meet

these requirements. The coil is essentially a toroidal winding with

low distributed capacitance, applied to a permalloy dust core, im-
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pregnated and potted in wax. A molded jacket with protruding fins,

placed around the core, reduces the capacitance from windings to core

and improves the uniformity of the windings. The coils are adjusted

to within ± 1 per cent for inductance and 2 per cent for inductance

unbalance by removal of excess turns, all adjustments being made at

low frequency. Figure 7 shows a coil at this stage of manufacture.

The coil is then potted in a copper can and a cover soldered in place.

Final test simulates actual service conditions. The coil is resonated

with an external variable condenser at the operating frequency for

which it is designed.

Condensers

Nearly all crystal filters contain condensers shunted across the

crystal elements. These condensers must meet stability requirements

similar to those already mentioned in connection with coils.

One form of fixed condenser, used where small values of capacitance

and high stability are required, is illustrated in Fig. 8. Silver is fused

Fig. 8—Silvered glass condensers used in crystal filter applications

where high stability is required.

to the inside and outside of a glass tube by applying a coating of silver

paste and firing the tube in an oven. A gap is left uncoated on the

outer surface near the open end and leads are soldered to the silver on

both sides of the gap. The capacitance is then adjusted to the re-

quired value, within approximately ±1.5 mmf., by scraping off a portion

of the silver coating. Capacitances up to 80 mmf. are realized by this

means. Two condensers may be combined in a single unit, as shown

at the right in Fig. 7. The completed condenser is dipped in varnish

to protect the silver from corrosion.

Pairs of such condensers, matched to each other within 0.4 mmf., are

required in some types of crystal filters. This precision is achieved by

manufacturing a quantity of condensers of the correct nominal capaci-

tance and sorting them into close-limit groups after final measurement.
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Variable air condensers are used in adjusting the assembled filter.

For the channel filter four such condensers are manufactured on a

single ceramic base, as shown in Fig. 9, to eliminate unnecessary parts

Fig. 9—Four-section variable air condenser.

and reduce assembly cost. The posts supporting the stator plates are

extended both upward and downward to serve as convenient terminals

for leads from adjacent pieces of apparatus. Freedom from binding

is important, since condensers in crystal filters must be adjusted

through angles as small as 2 minutes. To insure smooth adjustment

the rotor shafts and their bearings are held to close dimensional

tolerances and lubricated with petrolatum. Stability is secured by the

use of thrust springs providing a substantial holding torque.

Assembly

The foregoing components—crystals, coils and condensers—are as-

sembled into complete filters by methods somewhat similar to those

employed in the manufacture of radio receivers, the principal differ-

ences arising from smaller volume requirements. The channel filter

alone is produced in sufficient quantities (1500 to 5000 per year) to

warrant a substantial degree of tooling. Figure 10 illustrates the
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internal assembly of this type of filter. The chassis consists of a pair

of perforated brass angles running the length of the assembly and

spot-welded to a cover at each end. Coils and condensers are riveted

to the angles, while the crystal holders are mounted with rubber shock

absorbers on studs extending upward from the ceramic bases of the

variable condensers. External leads are brought out through copper-

to-glass seals to terminals, as shown in Fig. 11, since in final assembly

GLASS
COPPER SLEEVE ^^^

\%-\ LEAD WIRE
^^^^^^^^^>-^^^^^^

EYELET

0.5
I

ONE INCH

Fig. 11—Terminal used in hermetically sealed filters. The copper sleeve, bonded
to the lead wire by means of an insulating glass bead, is soldered into the container

of the filter in final assembly.

the filter must be hermetically sealed to protect components from

moisture and dust.

In wiring the filter special precautions are taken to prevent foreign

materials from being deposited on crystal plates, thereby introducing

mechanical damping, and from lodging in variable condensers, where

electrical leakage must be avoided. Internal connections are made

with bare tinned wire. Rosin flux remaining on soldered connections

is washed off with a solvent. Dust and other particles in variable

condensers are blown out with air. The filter then undergoes a careful

visual inspection and a 500 volt d.c. insulation test.

At this stage it is generally necessary to adjust certain of the filter

elements, usually variable condensers, in order to compensate for

manufacturing variations in other elements and for parasitic effects

such as capacitance of the wiring to ground. A general view of the

testing equipment used for this purpose is shown in Fig. 12. One or

more of three methods of adjustment are employed, namely, (a) trans-

mission loss, (6) resonance and (c) capacitance. The first and second

of these are utilized on the channel filter, the schematic of which is

shown in Fig. 13. The two sections are adjusted independently before

the resistance pad, seen at the center of the figure, is inserted to

connect them.

In transmission loss adjustment of the channel filter, the attenuation
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Fig. 12—Filter testing area. The standard-lrequeiicy uuileib art- st-fii

above the test sets.

of each filter section is brought to a peak at a specified frequency. The
filter is placed in a test shield simulating its final container. Voltage

from a precision oscillator is applied to the input terminals of the

section and the voltage at the output terminals is measured with a

sensitive detector preceded by a variable attenuator. The condensers

designated Ctl in Fig. 13 are adjusted with a non-metallic tool until

the loss reaches a peak of 50 to 70 db. Each section contributes two

such peaks.

Ctl Ctl

onM^

ckOQO/

Ctl Ctl

Fig. 13—Schematic of crystal channel filter.

'TMV)

nM^
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The filter is then transferred to a resonance bridge and the impedance

looking into either end of each section, with the opposite end open-

circuited, is adjusted to series resonance at a specified frequency by

means of the condenser Cr. This adjustment primarily controls the

shape of the loss characteristic of the filter in the transmission range.

The resistance at resonance is recorded for later reference.

In some types of filters, adjustment must be made to secure the

correct absolute capacitance between certain points in the filter rather

than to obtain desired attenuation peaks or resonances. A capacitance

bridge is employed for this purpose.

In all of these adjustments, test leads connecting the filter to the test

set play an important part. Shielding, balance, capacitance to ground,

dielectric loss, stability and other characteristics of the leads must be

carefully controlled or compensated by adjustments within the test

sets in order to meet precision requirements of the order of ± 0.01

per cent.

After adjustment, in the case of the channel filter, the individual

sections are connected through a resistance pad selected to complement

the values of resistance measured during resonance adjustment. Uni-

formity of overall transmission loss, regardless of manufacturing varia-

tions in components, is secured by this means.

The completely wired filter is now placed in a copper shell and

hermetically sealed with solder, except for an inlet and an outlet vent.

In order to remove vestiges of moisture which might afifect the crystals

or other components during service life, a current of air of less than 3

per cent relative humidity is then passed through the filter for 12 hours

and the vents are sealed off.

Final test consists of measurements of transmission loss at a series

of frequencies in the transmission and attenuation bands of the filter,

using equipment similar to that on which the peaks were adjusted.

The variety of product which must be tested with these facilities de-

mands maximum flexibility and minimum set-up time. This require-

ment is met with plug-in terminating impedances, pads, leads, etc., and

with oscillators and detectors tuning continuously over a wide range of

frequencies. Several filters of the same type are normally tested

simultaneously, all being measured at one frequency before the next

frequency is set up. Contact fixtures for particular types are provided

when justified by quantity requirements, in order to facilitate the

transfer of test leads from one filter to the next.

Transmission loss characteristics of channel filters under various

conditions are shown in Fig. 14. The solid curve illustrates a normal

filter. The loss in the passband is approximately 5.6 db, with distor-
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tion of about 0.25 db over a band 3 KC wide. The peak losses are

from 75 to 90 db, with the intervening "valleys" approximately 65 db.

The other curves illustrate three types of defects occasionally ob-

served, namely: {a) displacement of one attenuation peak caused by

TWINNING IN

QUARTZ PLATE

FREQUENCY

Fig. 14—Insertion loss characteristics of crystal channel filters, showing the effects

of deviations from normal conditions.

twinning in one of the crystal plates, (&) abnormal distortion caused by
a 0.1 per cent error in resonance adjustment, and (c) low loss at peaks

caused by leakage across a crystal or by components which are in-

adequately balanced to ground. As an aid to locating the particular

components or adjustments which are responsible for such defects, a

catalogue of "trouble-shooting" instructions, arranged by classes of

filters and types of symptoms, has been compiled.

Cleaning, finishing and labelling constitute the remaining operations

on crystal filters. High temperature processes such as vapor degreas-

ing and baking of the finish are inapplicable here because of the nature

of the component apparatus in the filter. The surface is scratch-

brushed, washed with a solvent and sprayed with aluminum lacquer.

Rubber stamps and printers' ink are then used to apply the terminal

and type designations.

Conclusion

Crystal filters exemplify the trend toward higher frequencies and
higher precision in modern carrier systems. These advances in design

have required the development of new manufacturing processes and
refined methods of adjusting and testing, and demand increased care
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and skill in every step. Ten years ago this technique had not reached

even the laboratory stage. Today, in the commercial production of

crystal filters, it has become commonplace to deal with capacitances

expressed in tenths of a micromicrofarad, transmission losses in hun-

dredths of a decibel, crystal dimensions in thousandths of a millimeter

and frequency measurements in thousandths of a per cent. The

attainment of such precision at moderate shop cost is the primary

engineering problem in the manufacture of the higher frequency types

of carrier telephone facilities.
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Results of the World's Fair Hearing Tests

By J. C. STEINBERG, H. C. MONTGOMERY, and M. B. GARDNER

A hearing test for musical tones formed part of the Bell System
exhibit at the New York and San Francisco Fairs, and the test

records obtained have made possible a study of the hearing of a
large group of the United States population. The variation of

hearing acuity with age and sex is described in considerable detail.

Hearing is also related in lesser degree to other factors, such as

place of residence, economic status, and race, and these relations

are discussed.

The data are applied to the United States population by indi-

cating certain allowances which should be made for differences

between the Fair groups and the population, particularly with

respect to distribution of ages and economic status.

Accuracy of the test is discussed in relation to ability of visitors

to understand the test procedure, disturbing effect of background
noise, and calibration of the test equipment.

Certain results of the survey are expressed in terms of ear canal

pressure and equivalent free field intensity, and on this basis a com-
parison is made with the results of other surveys of hearing.

A criterion is given for deciding how much hearing should vary
from average before being considered abnormal. Application of

this criterion indicates, in the case of children, a suggestive simi-

larity between incidence of adenoid growth as reported in medical
surveys and abnormal hearing for high frequency tones.

\T /"ITH the opening of the New York and San Francisco World's
' ' Fairs in 1939, an opportunity became available for a survey of

hearing in a large group of the United States population. One of the

Bell System Exhibits consisted of a hearing test whereby visitors could

test their hearing for tones of musical pitch. At the end of the test,

each visitor was asked to permit an attendant to make a photographic

copy of his hearing test card so that a study of the records might be

made. Before making the copy, the attendant indicated by a check

mark whether the visitor was male or female, colored or white, and

to which of the five age groups, 10-19, 20-29, 30-39, 40-49, or 50-59,

she judged him to belong. In all, some 550,000 photographic records

were obtained, and it is estimated that about 80 per cent of the visitors

who tested their hearing for musical tones cooperated in the survey.

A somewhat similar test for spoken words was also provided, but the

survey was concerned principally with the results of the musical

tones test.

533
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The value and usefulness of such a large collection of records is

dependent very directly upon the accuracy of the test. Therefore

considerable attention was given to the calibration of the hearing test

equipment and to the evaluation of factors which might afifect the

results of the test. There seems little doubt that the records accu-

rately portray the hearing characteristics of that section of the popu-

lation taking the tests.

One of the principal objectives of the study was to determine the

hearing acuity and the prevalence of defective hearing in the United

States population. The visitors who tested their hearing were not a

representative sarnple of the population with respect to factors affecting

hearing. Consequently a second objective was to determine the

relation of hearing to such factors as age, sex, place of residence,

economic status, etc. This information is necessary in order to apply

the Fair data to the whole population or to specialized groups within

the population.

It is believed that the two important factors, age and sex, have

been satisfactorily evaluated. Information on other factors although

less complete, is sufficient to justify many applications of the data.

In other applications, it is necessary to make reservations and these

are described in the text.

Description of the Test

The tests were made in sound-insulated rooms arranged to seat

seven visitors, each partially screened from the others, as shown in

Fig. 1. The test and suitable instructions were recorded on phono-

graph records and given through a telephone receiver which the visitor

held to his ear. In the musical tone test a pure tone was sounded one,

two, or three times, and the listener was instructed to write in a space

on a form that was given him the number of times he heard the tone.

For a given pitch, nine such sets of tones were sounded, each set

fainter than the preceding one. When the tones became too faint to

be heard, the listener could not write the number correctly, and thus

a measure of his hearing acuity was obtained. This test was made

with tones of five different frequencies in the following order: 440, 880,

1760, 3520, and 7040 cycles. A typical hearing test record is shown in

Fig. 2.

The correct numbers, which appear in the spaces between the

columns of Fig. 2, were printed on the back of the blanks in such a

way that they would show through in these spaces when the blank was

placed on a brightly illuminated glass shelf. The designations
'

' normal

or good," "slightly impaired" and "impaired," which show through
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Fig. 1—Interior view of one of the hearing test booths.

opposite the eighth, fifth, and second steps respectively, were intended

to give a quaHtative indication of hearing acuity. Thus the visitor

could correct his own test and obtain an indication of his hearing

acuity for each frequency.

A scale of hearing acuity for expressing the results of the tests was

set up, using as a zero or reference level the mean test score of men and

women at the Fairs in the age group 20 to 29. Hearing acuity is

expressed as a hearing loss in the usual way, i.e., the departure in db
of a given test result from the reference level. As shown in a later

section, this reference level gives an ear canal pressure which corre-
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TABLE 1

Hearing Loss for Each Step in the Musical Tone Test

Column
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of tests used in obtaining the mean values is given in the right-hand

column. For each age group, they were selected in a random manner
from the New York and San Francisco tests, about two-thirds from

New York and one-third from San Francisco.^

Certain trends in average hearing are evident in Table 2. On the

average, both men and women show increasing hearing impairment

with increasing age. For high-frequency tones, and especially at 3520

cycles, the effect is more pronounced in men than in women, but for

440 880 1760 3520
FREQUENCY IN CYCLES PER SECOND

7040

Fig. 3—Mean hearing loss in db for men and women in the youngest, middle, and
oldest age groups.

low tones the opposite is true, although to a smaller degree. For the

1760-cycle tone there appears to be little difference between the

hearing of men and women. These trends are shown in graphical

form in Fig. 3, for the youngest, middle and oldest age groups.

At the lower frequencies, the hearing of the youngest group in

Table 2 is slightly poorer than that of the next older group. It is

* Several sampling procedures were used, all based on selection of tests by some
arbitrary rule, such as taking four tests in order then skipping twelve. In general,

the same rule was used throughout a whole day's tests. The days selected were well

scattered throughout the season, and week days and week-end days were used in the

proper proportion. A larger sampling proportion was used for the older age groups,

to make the groups in the sample more nearly equal in size.
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believed that this is due principally to the greater difficulty of the

younger children in understanding the test and writing their responses

on the test blank.

TABLE 3

Standard Deviation of Hearing Loss in db
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TABLE 4

Distribution of Hearing Loss

Percentage of tests failing to show a correct response at the test step indicated,

based on 23,320 tests from the N. Y. Fair and 12,269 tests from the S. F. Fair.
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such distributions for the 35,589 test scores that were used in calcu-

lating the mean hearing loss values of Table 2. It is arranged to show,

for each of the five tones, the cumulative distributions separately for

men and women in the five age ranges. It gives the percentage of

tests failing to show a correct response at the test step indicated, or

the percentage of individuals having a greater hearing loss than that

corresponding to the indicated step. For example, the table shows

that only 0.7 per cent of the men in the 20-29 age group have hearing

losses greater than 32 db for a 1760-cycle tone, while' 11 per cent of

those in the 50-59 group have this much loss.

Zero hearing loss falls between steps 7 and 8 for the first three tones,

and between steps 6 and 7 for the last two tones. The last step corre-

sponds to very good hearing, and individuals able to hear this step

have hearing acuities at least 10 db better than average. Some 10

or 15 per cent of the youngest age group, but only 1 or 2 per cent of

the oldest group, were able to hear the tones on the last step. For the

tone of lowest frequency, there were seven young persons for every

older person who could hear the last step, but at 7040 cycles, there

were 18 young persons for every such older person.

The tabular data for the age groups 20-29 and 50-59 are shown
graphically in Fig. 4 for four of the tones, beginning at 880 cycles.'*

The curves are cumulative distributions and the ordinate gives the per-

centage of individuals having hearing losses greater than the value

indicated by the abscissa.^ At 880 cycles hearing losses in excess of a

given amount tend to be more prevalent among women than among
men. At 1760 cycles the distribution curves for men and women are

much the same. At the two higher frequencies, the prevalence of

deafness in excess of a given amount is greater among men than

among women.
A hearing loss of 25 db at frequencies up to 1760 cycles begins to

be a handicap. The individual will usually be aware of such an im-

pairment, and will experience difficulty in understanding speech under

conditions of public address, such as in the church or theater or around

the conference or dinner table. The distribution curves show that

only about 1.5 per cent of the young people taking the test, or three

out of 200, have a hearing loss of 25 db or more for tones of these

frequencies. In the oldest age range almost ten times as many, or

every seventh person, shows this much impairment.

^ The distributions for 880 cycles may be used for 440 cycles as well, it being as-
sumed that the small difference shown in Table 4 is due to practice.

^ The ordinates are shown on an arithmetic probability scale, which has the prop-
erty that a normal distribution plots as a straight line whose slope is proportional to
the standard deviation of the distribution. It is convenient because it shows the
small values more accurately and because on this scale the standard errors of the
ordinates are approximately equal in all parts of the range.
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TABLE 5

Percentage of Tests with Hearing Loss Greater than 25 and 45 db.

Age Group
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The average real age in any estimated age group depends on the

distribution of ages within the group, the amount of random error

involved in making the estimates, and any consistent tendency to

estimate high or low. The distribution of estimated ages at the two
Fairs is shown in Table 6, together with the age distribution of people

TABLE 6

Percentage of Individuals Over 10 Years of Age Falling in Various
Age Groups According to Estimates at the Two Fairs,

AND FROM THE 1930 U. S. CeNSUS

Age Group
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Relation of Hearing to Other Factors

In the preceding section it was shown that hearing acuity varies to

quite an important extent with the age and sex of the group. The
next problem is to identify any other factors to which hearing acuity

is related to a significant degree. A sensitive method of determining

whether such factors exist is provided by the control chart technique

developed in connection with the statistical control of manufactured

product.* When the hearing tests results, corrected for age and sex

differences, were plotted on a control chart there was very definite

evidence of lack of statistical control. This indicates that one or

more factors exist to which hearing is significantly related, and ex-

perience in other fields in which control chart technique has been

applied suggests an excellent chance of being able to identify these

factors. The most straightforward procedure would have been to

make a careful study of those individuals whose tests fell outside of

the control chart limit and discover the factors responsible for the

abnormal scores. This was not feasible at the Fairs, and other less

direct methods were used as described below.

In the discussion which follows, a judgment must often be made as

to whether an apparent relation between hearing and some factor

under discussion is significant. The customary formula for the

significance of a mean
(T

Cm — —p>
\n

where o-m is the standard deviation of the mean of a group of n observa-

tions and a is the standard deviation of a single observation, has not

been used, because modern statistical theory shows that this relation

is valid only for data which are in a state of statistical control. The
data of this section do not meet this requirement, and attempts to

use the above relation as the sole test of significance are often mis-

leading. The judgments which are expressed as to the significance of

a relation are based upon the consistency with which the relation

appears when the data are broken up into small groups. Space does

not permit showing all the evidence on which these judgments are

based, but the summaries which are presented indicate the magnitude

of such relations as are judged to exist.

Place of Residence

Data from the New York and San Francisco Fairs were compared to

discover any diff"erences which might be attributed to sectional

* W. A. Shewhart, "Statistical Method from the Viewpoint of Quality Control"
(Grad. School, U. S. Dept. of Agriculture, 1939).
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TABLE 7

Difference in Mean Hearing Loss at New York and San Francisco
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age. The table gives the average difference between corresponding

age groups in the age range from 10 to 49. A similar difference was

not found among the men nor among the corresponding groups at

San Francisco.

TABLE 8

Frequency
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The differences shown suggest a relation between hearing acuity

and general personal appearance, although the evidence is not con-

clusive. In each of the ten comparisons given in the table, there is

an increase in hearing acuity in going from average to above average

and in nine out of ten there is an increase in going from below average

to above average. Personal appearance is somewhat related to

economic status and intelligence. A more accurate index of these

might show a more striking relation with hearing acuity.

Race

The number of tests of negroes tabulated thus far is too small to

give a satisfactory picture of the hearing trends among them. How-

ever, there is no indication of substantial departure from the results

reported by Bunch and Raiford,^ who determined that the hearing of

negro men and women is similar to that of white women.

Awareness of Hearing Impairment

People whose hearing is impaired are often quite sensitive, and it

seems possible that some may have avoided the hearing test for this

reason. On the other hand, a person with impaired hearing might be

especially attracted by the opportunity to measure it. Whether the

data show too high or too low an incidence of hearing impairment

depends on which of these factors predominates. This is a possi-

bility for bias that is present in any survey where participation is

voluntary. No satisfactory method of evaluating it has been dis-

covered. However, the following discussion is intended to give some

idea of the magnitude of the error which may be involved.

Since a person is scarcely aware of a hearing loss of less than 25 db,

it may be assumed that neither of these factors would affect the dis-

tributions below that value. For greater losses some effect may be

expected, gradually increasing so that above 40 db the possibility of a

substantial bias in the distributions must be considered. The shift

of the mean values of hearing loss is probably not very pronounced.

For example, Table 10 shows the shift in mean hearing loss at 1760

TABLE 10

Age
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cycles which results when the number of cases of hearing loss over

42 db is tripled. Eliminating all cases over 42 db would produce

about half as much shift in the opposite direction. However, the form

of the distribution curves for large values of hearing loss may be

substantially in error.

Hearing losses at 3520 and 7040 cycles are much more common,
but are not likely to be noticed except when accompanied by a loss

at a lower frequency. Consequently, the biasing effect of a selective

process based on awareness of hearing loss is less pronounced at these

frequencies.

Right and Left Ears

The physical arrangements at the Fairs made it awkward for a

right-handed person to test his right ear. As a result, about 80 per

cent of the recorded tests were for the left ear. No appreciable differ-

ence was found between the test results for right and left ears. How-
ever, this may be taken as only a rough indication of equality between

the ears, in view of the differences in test conditions for the two ears.

Time of Day

Data from each Fair were studied to determine whether there was
any significant variation in hearing with time of day. Table 11,

which gives values of mean hearing loss covering a period of about

two weeks at the San Francisco Fair is typical.

TABLE 11

Variation of Mean Hearing Loss with Time of Day
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Variation Over Longer Periods

A comparison of data obtained at the New York Fair during a

period early in the summer and another period early in the fall is

given in Table 12. This table gives the difference in mean hearing

loss for the two periods for the various age and sex groups. A positive

difference indicates greater hearing loss in the later period.

TABLE 12

Difference Between Mean Hearing Losses Determined During Two
Different Periods
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possible that sections might be found in which hearing differed

markedly from the Fair values, it is unlikely that such areas would be

extensive enough to affect the overall result.

With regard to economic status, intelligence, and amount of educa-

tion, the Fair groups were judged to be somewhat above average, and
probably representative of the upper two-thirds or three-quarters of

the population. If hearing is related to such factors, as seems prob-

able, the hearing of the population is not quite so good as indicated by
the Fair tests.

The portion of the distribution curves relating to large hearing

losses at the three lower frequencies must be accepted with reservations

on account of the possible biasing effect of awareness of hearing im-

pairment, as discussed in the preceding section. However, the curves

should be reliable below about 35 db loss, and the curves for the two

highest frequencies should be reliable throughout the test range.

The distribution of ages at the Fairs was quite different from that

in the population. The first step in allowing for that difference was
made by recombining the distributions of hearing loss for various age

and sex groups shown in Table 4, weighting each according to the size

of the group in the population. The resulting distributions are shown
in Fig. 5, and apply to the age range 10-59 years.'*

In a similar manner, the figures in Table 5 for the incidence of

hearing loss of 25 db or more were weighted according to the size of

the groups and combined, leading to the values given in the first line

of Table 13, for the age range 10-59. This process can be extended

to include the whole age range as follows. It is assumed that the

incidence for ages under 10 is the same as in the 10-19 group. This

may not be strictly true, but is a sufficiently good approximation for

this purpose. For ages above 60 a minimum estimate was obtained

by assuming that the incidence of hearing loss is the same as in the

50-59 group, and a maximum estimate by assuming 100 per cent

incidence above age 60. The actual value may be expected to be

somewhere between these limits, which are shown in Table 13.

Except for the reservations stated in the first four paragraphs of

this section, it is believed that the data of Figs. 3, 4, and 5 and Tables

2, 3, 4, 5, and 13 should apply fairly closely to the U. S. population as

a whole. They may also be applied to groups in the population who
are not specialized in regard to any factor related to hearing. It would

be unsafe to apply them to a group of very low or unusually high

economic status, college graduates, unskilled laborers, foreign groups,

* Loc. cit.
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10 20 30 40
HEARING LOSS IN DECIBELS

60

Fig. 5—Percentage of people, both men and women, in the age range 10-59 having

a hearing loss greater than any given value.

TABLE 13

Percentage of People Having Hearing Loss of 25 db or More
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for taking the test. Observation indicated that the great majority

of people took the test seriously, and made a conscientious attempt to

test their hearing.

It was noticed that a very small percentage of the people, mostly

in the youngest age group, altered their scores by filling in all of the

missing numbers before having them photographed, thus giving a false

appearance of a perfect test. Some of these were detected from the

differences in writing, and were eliminated from the tabulations, but

others were probably included. It is believed that the number of

false scores included was too small to affect the hearing loss distribu-

tions appreciably.

Some people undoubtedly secured poor scores in the test on account

of failure to understand the test, interruptions, or other causes not

connected with hearing. A study of this factor was made by observing

about 1200 tests, picked at random, and interviewing all those who
failed to fill in more than three squares of their test blanks. About
1.5 per cent failed the test in this sense, and were subsequently inter-

viewed and watched to see if they permitted their test scores to be

photographed. The interview revealed that about two-thirds of this

group failed the test because they were definitely hard of hearing.

Also, as it happened, about two-thirds of them submitted their test

scores to be photographed, so that the number of recorded failures

tended to be the same as the number that were actually hard of

hearing.

The noise conditions under which the tests were given were quite

favorable. The exhibit building was quiet due to the generous use of

sound absorbent walls and carpeted floors. Parts of the building con-

taining air-conditioning and other machinery were constructed on a

separate foundation from the part containing the hearing test booths.

The booths were carefully insulated, the attenuation of the walls to

air borne sounds being 30 db or more over a wide frequency range.

Additional isolation was provided by a glass partition between the

booths and the lobby. Noise in the booths from external sources was
nearly inaudible, and it is probable that most of the distributing noise

was caused by the people participating in the test.

Sound level meter measurements with flat weighting were made in a

booth where noise from external sources was judged to be most ob-

jectionable, and while regular tests were in progress. The average

and maximum readings are given in Table 14. After making allow-

ance for the attenuation of the telephone receiver covering the ear,

the masking computed for the average noise level was less than 5 db
at 440 cycles and zero at the higher frequencies. The masking of a
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TABLE 14

Sound Level Meter Readings, with Flat Weighting, in db Above .0002

Dyne per Square Centimeter

Frequency Band
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telephone receivers in parallel on the output.^ Vertical cut phono-

graph records contained instructions for the test and the tones used

in the test. To insure a favorable ratio of signal to record and am-
plifier noise throughout the test, the test tones were recorded at con-

stant level, and the desired level changes were obtained by changes

in the attenuation network made in synchronism with the turntable.

Output of each phonograph reproducer and amplifier was checked

daily, and held within limits which varied from ± 0.5 db at the lowest

frequency to ± 2 db at the highest frequency. Performance of the

attenuation networks was determined twice during the season by
careful measurements of voltage at each test level and each frequency.

They were found to give the expected values of attenuation within 1 db
at all levels. The efficiency of each receiver was measured on a rigid

closed coupler. The standard deviation of all the receivers used was
about 1 db at the lower frequencies and 3 db at 7040 cycles. Check
measurements were made at intervals of about one month on each

receiver. The mean response of all the receivers varied by less than

1 db during the season. The ten machines were alike in output

(at the test level nearest the reference level) within ± 1.0 db at the

three lower frequencies and within ±1.5 db at the two higher fre-

quencies.

In addition to the above measurements, listening tests were made
daily by one of the engineers in charge of the equipment, and the girls

who conducted the test listened frequently throughout the day by
means of monitoring receivers.

Hearing Test Results in Terms of Pressure
AND Intensity Level

In order to compare the results of the Fair tests with other data on

hearing, calibrations have been made of the receivers that were used

in the tests. This was done by measuring the pressure levels developed

by the receiver at the opening of the ear canal for a small group of

people, using a special search tube transmitter so designed that the

tube could be inserted under the receiver cap into the opening of the ear

canal. Such a calibration gives an ear canal pressure level in terms

of receiver voltage levels. The authors are indebted to Mr. W. A.

Munson of these Laboratories for the calibrations. They are pre-

liminary in character and may need modification in the light of

subsequent studies.

With the aid of these calibrations, ear canal pressure levels may be

* F. A. Coles, "Hearing-Test Machines at the World's Fairs," Bell Laboratories
Record, 18: 290, June 1940.
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calculated from the receiver voltage levels measured in the tests.

Such calculations for the reference level or condition of zero hearing

loss as used in this paper are shown in Table 15. The resulting refer-

ence ear canal pressure levels are plotted in Fig. 6. For comparison,

TABLE 15

Calibration of Hearing Test Equipment at the Reference Level
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curves and the Fair curve are based on ear canal pressures measured

at the ear opening in the manner just described. The minimum
audible pressure curve is based on pressures measured about 1 cm.

from the ear drum, which correspond more nearly to ear drum pressure

levels. The two types of measurements are undoubtedly quite com-

parable below 1000 cycles. For frequencies above 5000 cycles and

possibly around 2000 cycles it is believed that the pressure at the ear

opening is somewhat smaller than the corresponding ear drum pressure.

A comparison of the Fair data with data from two other surveys

of hearing is shown in Fig. 7. One curve shows the mean threshold
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sidering all the possible causes of variation the curves seem to be in

fairly good agreement.

In order to give a preliminary picture of the prevalence of deafness
in terms of free field intensity and frequency, the distribution curves
of Fig. 5 were converted into the contour lines shown in Fig. 8. For
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obtained from the results of the Fair tests. The dotted portions

represent extrapolations of the distributions beyond the intensity and

frequency ranges used in the tests, and are of course speculative in

character. The extrapolations to lower frequencies are based on the

shape of the contours below 1760 cycles and the high correlation that

has been found to exist in individual audiograms for frequencies from

64 to 512 cycles. ^^'^^ The extrapolations to large hearing losses for

the 3520- and 7040-cycle tones were made by extending the curves

of Fig. 5 as suggested by comparison with the results of other surveys.

The contours show several interesting things. The range over which

hearing acuity varies is quite uniform up to about 2000 cycles, and 90

per cent of the group lie within a range of 30 db. Above 2000 cycles

the range increases rapidly. Since most of the sounds met with in

daily life have intensity levels greater than the 25 per cent contour,

fully three-fourths of the people can hear ordinary sounds throughout

the frequency range from 100 to 10,000 cycles.

The Onset of Deafness

With the increasing attention being given to the prevention of

deafness by early detection, it is of considerable practical importance

to define the beginning, or onset, of deafness. Perfectly normal ears

are not exactly alike; some are more acute and others are less acute

than the average. How much less acute than average may an ear

become before deafness begins? In a preceding section, hearing loss

was evaluated on the basis of the handicap that it would impose.

In this section we take a different viewpoint and use the term "be-

ginning of deafness" to mean a departure from average hearing acuity

sufficient to justify the expectation of associating the departure with a

specific cause.

In Fig. 9 there is shown a typical distribution curve for hearing loss.

It shows the relative frequency of occurrence of various degrees of

hearing acuity among a given class of people. Such curves can be

well described for many practical purposes by two quantities, the

average hearing loss and the standard deviation. The latter quantity,

designated as cr, is a measure of the spread of the individual values

from the average.

The experience of statisticians with distributions of observations of

widely different character indicates that there is little chance of assign-

ing specific causes for the deviations of observations which lie closer

'^ E. G. Witting and W. Hughson, "Inherent Accuracy of Repeated Clinical

Audiograms," Laryngoscope, 50: 259 (1940).
^'^ W. C. Beasley, "Correlation Between Hearing Loss Measurements," Jour,

Acous, Soc. Amer., 12: 104-113 (1940),



560 BELL SYSTEM TECHNICAL JOURNAL

MEAN
HEARING LOSS

Fig. 9—Typical distribution curve of hearing loss.

than 2(T to the average, because, in this range, many causes are operat-

ing and none is predominant. In the range from 2a to Z(x, the dotted

area of Fig. 9, there is a good chance of isolating causes, although the

attempt might not be justified if it involved great discomfort, danger

or expense. Beyond 3a, the cross-hatched area of Fig. 9, there is an

excellent chance that the cause, or causes, can be isolated. ^^ This

does not imply that findable causes of hearing impairment do not

exist in Individuals lying closer to the average than these limits, but

merely that the hearing test is not useful in selecting them. The
identification of such causes and their treatment are, of course,

medical problems.

TABLE 16

Hearing Loss at Which Deafness Begins, in the Sense Given in the Text

Limit
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only for the youngest group because we are primarily concerned with

early detection of deafness. Limits for older groups can be obtained

in a similar manner.

The table indicates that a smaller hearing loss is significant at low

than at high frequencies. At the higher frequencies a smaller loss is

significant for girls than for boys. The percentage of the youngest

group at the Fairs falling outside of the 2a limits is given in Table 17.

TABLE 17

Percentage of Children with a Significant Amount of Hearing Loss
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boys than in girls. The results of physical examinations of school

children conducted by public health officers and doctors in different

parts of the country indicate that such is the case. In all but one

of seven surveys,^^ involving more than 18,000 children, the occurrence

of adenoid growth was more frequent in boys than in girls. On the

average, 6 per cent of boys and girls from 4 to 18 years of age showed

pronounced adenoid growth. The ratio of the percentage of girls to

the percentage of boys having the defect had an average value of 0.68;

for every 100 boys affected there were only 68 girls similarly affected.

Analysis of the World's Fair hearing test records shows that 7 per cent

of boys and girls from 10 to 19 years of age are deafened for a 7040-

cycle tone to the extent of the 2<y limit described in the previous section.

The ratio of the percentage of deafened girls to the percentage of

deafened boys is 0.75, or 75 girls for every 100 boys. Although it

should not be concluded that the similarity of these ratios establishes

a correlation between adenoid growth and high-tone deafness, it is

believed that they are sufficiently suggestive to justify further study

of these defects.
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The Subjective Sharpness of Simulated Television Images

By MILLARD W. BALDWIN, JR.

1. Introduction and Summary

OF the many factors which influence the quality of a television

image, the one which is generally indicative of the value of the

image and the cost of its transmission is the resolution, or sharpness.

This resolution factor has always been reckoned in purely objective

terms, such as the number of scanning lines, or the number of elemental

areas in the image, or the width of the frequency band required for

electrical transmission at a given rate. The subjective value of sharp-

ness has not previously been considered. Some recent tests with a

small group of observers, using out-of-focus motion pictures in a basic

study of the visual requirements on images of limited resolution, have

thrown new light on the evaluation of resolution and sharpness. The
results appear of sufficient interest, particularly when interpreted in

terms of television images, to warrant this presentation. We shall use

the word sharpness in the sense of a subjective or psychological variable,

with a strict technical significance in keeping with our experimental

method, and we shall use the word resolution in the sense of an objective

or physical variable.

We find that as images become sharper, their sharpness increases

more and more slowly with respect to the objective factors. We find

also that as images become sharper the need for equal resolution in all

directions becomes less and less, and that with images of present

television grade the tolerance for unequal horizontal and vertical

resolutions is already remarkably wide. These conclusions are sup-

ported by our experiments with small-sized motion pictures viewed at

a distance of 30 inches, about 4 times the picture height. It would

not be safe to extrapolate the results of these experiments to the large-

screen conditions of motion-picture theaters, because the visual acuity

of the eye may be expected to increase with distance in the range in

question,^ and for other reasons.

2. Exposition of Method

Image sharpness is to be measured by subjective test, employing

psychometric methods ^ which have been widely used in the measure-

ment of other subjective values. Test images are to be projected onto

a screen from 35 mm. motion picture film in such a way that the reso-

563
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liition of the image can readily be varied over a substantial range, and

with provision for making the horizontal resolution different from the

vertical. The use of motion pictures instead of actual television

images permits sharpness to be studied independently of other factors,

and facilitates the experimental procedure.

The relationship between the television image and the motion

picture which simulates it will be determined on the basis of their

subjective equality in sharpness. For that purpose, a television image

reproduced by an apparatus * of known characteristics is to be com-

pared with a projected out-of-focus motion picture of the same scene,

under the same conditions of size, viewing distance, brightness and

color. (The motion picture will in general be superior in the rendition

of tone values and in respect to flicker, and will of course not show the

scanning line structure of the television image or any of the degrada-

tions commonly encountered in electrical transmission.) When the

two images are judged to be equally sharp by the median one of a group

of observers, the size of the figure of confusion of the motion picture is

to be taken as the measure of the resolution of the compared television

image.

The figure of confusion of the motion picture is that small area of

the projected image over which the light from any point in the film is

spread. Every point produces its own figure of confusion, of pro-

portionate brightness, and the overlapping of the figures in every

direction accounts for the loss of sharpness. When the projection lens

is "in focus," the figure of confusion is a minimum one set by the aberra-

tions of the optical system and by diffraction effects. As the lens is

moved away from the "in focus" position, the figure of confusion be-

comes larger and assumes the shape of the aperture stop of the projection

lens. If the illumination of the aperture stop is uniform, this larger fig-

ure of confusion is a well-defined area of uniform brightness. We used

a rectangular aperture stop, at the projection lens, whose height and

width could be varied reciprocally so as to maintain constant area of

opening, and we used a calibrated microscope to measure the departure

of the lens from the "in focus" position. Thus we could produce images

of various degrees of sharpness and of unequal horizontal and vertical

resolutions.

This method of specifying the resolution of an image in terms of the

size of the figure of confusion affords an important advantage. It

avoids the necessity for postulating any particular relation between

the resolution and the spatial distribution of brightness values about

* The television apparatus comprised a mechanical film scanner and an electronic

reproducing tube designed specifically for television. A description of it is given in

reference 9.
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originally abrupt edges in the image. The variety of such relations

assumed by others^- ^' ^' ^' ^ has led to a variety of conclusions with

respect to resolution in television. We find subjective comparison of

images to yield results of fairly small dispersion.

Let us consider now the measurement of sharpness in subjective

terms. Here we find no familiar units of measurement, no scales or

meters. We find no agreement as to the meaning of a statement that

one image looks twice as sharp as another. We can say of two images

only that (a) one image looks sharper than the other, or {b) the two

images look equally sharp. When the images are quite dififerent, there

will be agreement by a number of observers that the one image is the

sharper. When the images are not different in sharpness, there may
be some judgments that one of them is the sharper, but these will be

counterbalanced in the long run by an equal number of judgments that

the other is the sharper. When the images are only slightly different

in sharpness, an observer may reverse his judgment from time to time

on repeated trials, and he may sometimes disagree with the judgment

of another observer. It is within this region of small sharpness differ-

ences, in the interval of uncertain judgments where the observer is

sometimes right and sometimes wrong with respect to the known ob-

jective difference, that it becomes possible to set up, on a statistical

basis, a significant quantitative measure of sharpness difference.

Suppose that in judging two images of almost equal sharpness the

observers have been instructed to designate either one or the other of

the images as the sharper; that is, a judgment of "equally sharp" is not

to be permitted for the present. An observer who discerns no differ-

ence in sharpness is thus compelled to guess which image is sharper,

and his guess is as likely to be right as it is to be wrong, with respect

to the known objective difference. Suppose, further, that the sharp-

ness difference has been made so small that only 75 per cent of the

judgments turn out to be right, the remaining 25 per cent being wrong.

On the basis that these wrong judgments are guesses, we must pair

them off with an equal number of the right judgments, so that 50 per

cent of the total are classed as guesses. The other 50 per cent are

classed as real discriminations. (The pairing of an equal number of the

right judgments with the wrong judgments goes back to the equal

likelihood of right and wrong guesses; it affords the best estimate we

can make of the number of guesses.) When real discrimination is thus

evidenced in one half of the observations, that is, when 75 per cent of

the judgments are right and 25 per cent of them are wrong, we shall

designate the difference in resolution as the difference limen*

* The term limen is frequently used in psychometry in lieu of older terms such as

just-noticeable-difference, threshold value, perceptible difference, etc. It has the virtue
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It is seen that the value of the limen is arrived at statistically, taking

into account the variability of individual judgments. Smaller differ-

ences than the limen are not always imperceptible, nor are larger

differences always perceptible. .'-

The difference in sharpness, or in sensory response, which corre-

sponds to a difference of one limen in resolution may be said to be one

unit on the subjective scale of measurement. We shall designate this

as a liminal unit* It will be understood that the word liminal has

here a particular and precise significance, by reason of the one-to-one

correspondence between the liminal unit and the statistically-derived

value of the difTerence limen. A liminal unit of sharpness difference

may be considered as the median of a number of values of sensory

response to a difference of one limen in resolution,

3. Sharpness and Resolution

Figure 1 shows how we find the sharpness of an image to vary as the

number of elemental areas in the image is changed. Sharpness is

expressed in liminal units, based on measurements of the limen at four

different values of resolution, indicated by the four pairs of points on

the curve. Resolution is expressed as the number of figures of con-

fusion in a rectangular field of view whose width is 4/3 of its height

and which is viewed at a distance of 4 times its height.f This conven-

tional field of view was chosen as typical of viewing conditions for

motion pictures and television images. (The conventional field is 19°

wide by 14° high.) The range of the curve in Fig. 1 may be stated

very roughly as from 150-line to 600-line television images.

The significant feature of this curve is its rapidly decreasing slope

with increasing sharpness. It shows that sharpness is by no means

proportional to the number of elemental areas in the image, and demon-

strates that the use of objective factors as indices of sharpness should

be regarded with more than the usual amount of caution. It shows

that its meaning may be precisely defined in terms of the particular experimental

method under consideration, without the extraneous significance which might attach

to the more commonplace words.
* There seems to be no accepted name for such a unit. Guilford ^ calls it simply

"a unit of measurement on the psychological scale." In discussing the measurement
of sensory differences which are equal to each other but not necessarily of liminal

size, the terms "sensory value" and "scale value" have been used.

t We have used relative values here in order that our results might be applied to

other images not too different in size from the small ones we actually used. Other

values of aspect ratio in the neighborhood of 4 to 3, and other values of viewing dis-

tance in the neighborhood of 4 times the picture height, may be brought within the

scope of our data on the assumption that the sharpness is the same if the solid angle

subtended by the area of the figure of confusion is the same. For example, a square

field of view containing 60 thousand figures of confusion, and viewed at 5 times its

height, would be equal in sharpness to our conventional field containing 125 thousand
figures of confusion [125 = 60 X 4/3 X (5/4)^].
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that images of present television grade are well within a region of

diminishing return with respect to resolution, a region, however, whose

ultimate boundary is still well removed. (We estimate that the sharp-

est image our motion picture machine could project would be repre-

if)
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background, and was repeated every quarter minute. The observer

could have the lens moved whenever and as often as he wanted to

before reporting, so that he soon acquired the habit of observing only

the most critical portions of the scene. As soon as his report was

recorded, completing that observation, he was shown a new pair of

lens positions, the same reference one with a different neighboring one,

and asked again to report which he judged to yield the sharper image.

We believe that there were no contaminating influences and that

only the size of the figure of confusion was varied. No change in

brightness or in magnification could be detected. A minute lateral

shifting of the image, because of play in the focusing mount of the lens,

was completely masked by the continual weave of the film in the gate

and the natural motion of the model. Any significance of the position

of the observer's control key was destroyed by reversing its connections

from time to time, between observations, without the observer's

knowledge. No tell-tale sound accompanied the small motion of the

lens, and none of the operator's movements could be seen by the

observer.

Each one of 15 observers made 84 separate observations of sharpness

difference. Expressing the resolution in terms of the angle at the

observer's eye subtended by the side of the square figure of confusion,

there were four main reference values, namely 0.71, 1.1, 1.7 and 2.8

milliradians (1 milliradian is equal to 3.44 minutes of arc). At each

of these reference values there were seven neighboring values, namely

0, 0.045, 0.090, 0.13, 0.18, 0.22 and 0.27 milliradians greater than the

reference value. (The in that set means that the reference value

was shown against itself, or that the observer was asked to judge a null

change; this was intended to keep him on his guard and alert, not to

furnish primary data.) Each pair of values was presented to each

observer three times, so that there were 45 observations on every pair.

The pairs were presented in irregular order according to a schedule,

the variation about one reference value being completed before going

on to the next. The differences were set up on the basis of preliminary

trials to include some which almost none of the observers could detect

and some which almost all could. It was explained that some of the

differences to be judged would probably be too small for discernment,

and that a "no choice" response would be permitted whenever reason-

able effort failed to establish a definite choice.

The primary data are shown in Fig. 2. Each point shows the pro-

portion of the observations in which the variable image, which had the

poorer resolution by reason of its larger figure of confusion, was never-

theless judged to be sharper than the reference image. Such a judg-
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ment would, of course, be classed as wrong. All reported "no choice"

judgments have been distributed equally between the "right" and

"wrong" classes. It will be noticed that there was some discrimina-

tion at even the smallest change made, that is 0.045 milliradian, and

that there was lack of complete discrimination at the largest change,

that is 0.27 milliradian. The "no choice" judgments comprised 15 per

cent of the total at the smallest change and only 2 per cent at the

largest.

It is interesting to note that for the null changes the "no choice" judg-

ments comprised only 17 per cent of the total, indicating either that

the observers were reluctant to admit that they were guessing or that

they were judging coincidental small changes in the film due to its

bending in the gate or to its photographic processing. (We did ob-

serve, in establishing the lens position for sharpest focus, that film at

the start of a reel required a slightly difTerent lens setting from that at

the end of the reel, and we ascribed it to the varying tension during

projection, or to the varying degrees of curvature in storage on

the reel.)

The four sets of points in Fig. 2 exhibit rather striking similarities.

Each set may be fairly represented by a normal error curve (straight

line on this arithmetic probability paper). We have drawn in four

such normal curves, passing each one through the 50 per cent point at

the null change and giving each a common slope. The appropriate

value of slope was determined by inspection of an auxiliary plot in

which the four reference values were superimposed and the four sets

of points were plotted to a common ordinate scale of differences. These

normal curves are considered to represent the data as well as any more

elaborate relations that might have been used.

We varied the resolution only in the direction of decreasing it with

respect to the reference values. We presume that had the variation

been in the opposite direction the data would have been represented

equally well by the same normal curves, which are accordingly extended

in dotted lines.

In Fig. 2 we have indicated the magnitude of a difference of one limen

by means of supplementary scales of ordinates. Since the four normal

curves have a common slope, the difference limen turns out to have a

constant value, 0.090 milliradian (0.3 minute of arc), independent of

the size of the figure of confusion in the range from 0.71 to 2.8 milli-

radians. Why this should be so is a problem of physiological optics

which is rather beyond the scope of this paper. The supplementary

scales also serve to illustrate the meaning of differences two and three

times as large as the difference limen. That is, a change in the side of
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the figure of confusion of 0.18 milliradian would be twice as large as the

Hmen of 0.090 milliradian, and would result in wrong judgments in 9

per cent of the observations, corresponding to real discrimination in

82 per cent of them. Likewise a change of 0.27 milliradian would result

in real discrimination in 96 per cent of the observations. Any change

larger than about three times the limen would be discriminated in

practically every instance, under the conditions of our experiment.

THOUSANDS OF FIGURES OF CONFUSION PER PICTURE
200 100 75 50 40 30 20 10

1
I I I I I I I

CALCULATED FREQUENCY BAND IN MEGACYCLES PER SECOND
10 8 6 5 4 3 2 1.0 0.8 0.6 0.5

m -8

i= -12
<
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sharpness which would be practically always discriminated under our ex-

perimental conditions, that is, a change of three or four liminal units,

the frequency band would have to be increased from say 2.5 megacycles

to about 4.5 megacycles. To effect an additional increase of the same

CALCULATED FREQUENCY BAND IN MEGACYCLES PER SECOND
0.5 1 2 3 4 5 6 7 8

(O -2

-6

> -8

UJ-IO

Fig. 4-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

RECIPROCAL OF SIDE OF SQUARE FIGURE OF CONFUSION
IN INVERSE MILLIRADIANS

-Sharpness of small-sized motion pictures at a viewing distance of 30 inches.

The frequency band is calculated on the same basis as in Fig. 3.

subjective amount would require that the frequency band be increased

from 4.5 megacycles to about 10 megacycles. The diminishing return

in sharpness is possibly better illustrated by the continually decreasing

slope of the curve in Fig. 4, in which the abscissa is proportional to the

square root of the frequency band, a factor which may perhaps be

interpreted to represent roughly the cost of electrical transmission over

a long system. We might infer from this curve that transmission costs

are likely to increase faster than image sharpness, other things being

equal.
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4. Horizontal and Vertical Resolutions

The effect of unequal horizontal and vertical resolutions upon sharp-

ness is shown in Fig. 5. The various rectangular figures of confusion,

which were intercompared in a manner which will be described pres-

115,000

u

1 f
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which corresponds to a difference of one limen in the shape of the figure

of confusion. When two images, characterized by different shapes of

figure of confusion, are judged by a number of observers, the proportion

of the observations in which one image is said to be sharper than the

other affords a significant measure of the evaluation of the difference

between them. When 25 per cent of the observations show that shape

A yields a sharper image than shape B, we say that shapes A and B are

different by one limen, and that the image A is less sharp than the

image B by one liminal unit. All "no choice" or "equally sharp"

judgments are distributed equally between the judgments for A and

those for B.

In order to evaluate other than unit differences, we have assumed

that a normal error curve describes accurately enough the distribution

of sharpness differences in liminal units. Thus, image A is less sharp

than image B by two liminal units when it is reported to be sharper

than image 5 in 9 per cent of the observations. The difference is

three liminal units when it is reported to be sharper in 2 per cent of the

observations. Any difference larger than about three liminal units

would indicate practically complete agreement that the one image is

less sharp than the other, under our experimental conditions. A dis-

tribution of this nature was found to hold for sharpness differences

resulting from changes in the area of the figure of confusion, as shown

in Fig. 2.

Each shape of figure of confusion was compared with each of the

four other selected shapes, and the sharpness differences were expressed

in liminal units by the procedure just discussed. A fifth difference,

corresponding to a null change, or a shape compared with itself, was

presumed to be zero. The average value of these five sharpness differ-

ences, averaged in liminal units, measured the relative sharpness of that

particular shape with respect to the average sharpness of all five shapes,

an unvarying reference. In Fig. 5, the sharpness scales have been

shifted so that zero denotes the most preferred one of the shapes, which

happened in each case to be the square.

The sharpness curves are found to be slightly skewed with respect

to the logarithm of the width : height ratio, there being a small prefer-

ence for figures of confusion whose long dimension is vertical rather

than horizontal. This is believed to be the first evidence of an asym-

metric requirement on resolution. It suggests the possibility that the

square figure might not have been the most preferred, had we tested

other shapes nearer to the square than the ones we did use. With a

more searching experiment we might have found that the eye prefers

resolution in the horizontal direction to be just a little better than in
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the vertical direction. Inasmuch as the effect is fairly small, and

found only with the less sharp images, we shall leave it as another

problem in physiological optics.

With an actual television image this small skewness would probably

be reversed by the attendant coarsening of the scanning line structure.

We do not know how much to allow for annoyance caused by visibility

of the line structure. Taking our best estimate * of the height of the

figure of confusion which would be equivalent in vertical resolution to

a just noticeable pattern of scanning lines, we may say that for the

uppermost curve in Fig. 5 the scanning line structure would not be

noticeable except possibly for the shape marked 2/5. For the central

curve the line structure would be noticeable for all shapes except

possibly the one marked 5/2. It appears that the skewness and the

line structure vanish together as the sharpness is increased.

Figure 5 demonstrates that equality of horizontal and vertical

resolutions is a very uncritical requirement on the sharpness of an

image, especially of a fairly sharp one. An image somewhat better

than present television grade, exemplified by the uppermost curve in

Fig. 5, shows a remarkably wide tolerance in this respect. Its figure

of confusion could be three times as high as wide, or three times as wide

as high, yet any intermediate shape between those two extremes would

yield an equally sharp image to within one liminal unit. Under the

ordinary conditions of television viewing the difference would be even

less marked than that. This would imply that if the square figure of

confusion simulates a television image of say 500 lines, then the

number of lines could be changed to any value from about 300 to about

850 without altering the sharpness by as much as one liminal unit,

under the condition, of course, that all the other pertinent factors, such

as frequency band width and number of frames per second, remain

unchanged.

The curves in Fig. 5 represent the averaged responses of fifteen

observers each viewing five different motion picture scenes. Each one

of the five selected shapes of figure of confusion was shown with each

other one as a pair, a total of ten pairs. The observer was asked to

identify which member of each pair he judged to yield the sharper

image, or to report "no choice" if he judged them to be equally sharp.

The pairs were scheduled in irregular order, and the observer could

have the aperture shape shifted at will. The observers were instructed

to consider the whole image area without undue regard for some fea-

tures to the neglect of others.

* Engstrom ^ estimates that the scanning line structure becomes just noticeable
when the spacing of the lines subtends an angle of 2 minutes at the observer's eye.
In section 5 we show that the equivalent figure of confusion has a height 1.9 times as
great as the spacing of the scanning lines.
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5. Comparison of the Out-of-Focus Amotion Pictures with

A 240-Line Television Image of Known Characteristics

The motion picture machine was arranged to project out-of-focus

pictures onto a screen set up beside the cathode ray receiving tube of a

laboratory television apparatus ^ of excellent design. Duplicate films

were run in the two machines, and the images were made equal in size

and approximately equal in color and brightness. Special low-pass

filters in the video circuit limited the frequency band without transient

distortion, and permitted the trial of three different band widths.

The conclusion was reached that the nominal band width of the video

circuit, expressed in cycles per frame period, was equal to 1.3 times the

number of figures of confusion in the frame area.

LENS

FILM
1^ PLANES )

APERTURE
SCREEN
7.3" X 5.9'

X

r-i.

u
36"
55.6

/

59.0 -

-55.6-

Fig. 6—Essential dimensions of the motion picture optical system as used for

the correlation with a 240-line television image. For this case a^ = 1.00 square inch.

36 X
y =

h

55.6 55.6 + X

= 1.45 y.

A group of observers compared the two images, each observer being

allowed to adjust the focus of the projection lens until he judged the

images to be equal in sharpness. The distribution of lens positions,

in terms of microscope scale divisions, was found to follow a normal

error curve fairly well, and the median value for the group was used in

computing the sizes of the figure of confusion. The external aperture

shape was always square.

Since the television film scanner had been designed without regard

for the unused space between frames on sound film, it became necessary

to modify some of the dimensions of the out-of-focus projection system

in order to make the two images equal in size. Figure 6 shows the

modified dimensions. Comparison with Fig. 7, which gives the di-
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mensions used In the main experiments, will show that the magnifica-

tion was reduced from 12 to 9.3, the area of the external aperture was

increased from 0.49 square inch to 1.00 square inch, and the aperture

was mounted 2.6 inches instead of 1.3 inches from the principal planes

of the projection lens.

LENS

^ V PLANES j APERTURE

U
36"
72.3

Fig. 7—Essential dimensions of the motion picture optical system as used for the

subjective sharpness tests. For this case a^ = 0.49 square inch.

36 X

723 72.3 + X

1.88 y.

The television apparatus was designed for 240 lines, 24 frames per

second, and a width : height ratio of 7 : 6. Actually 20 per cent of the

frame time was consumed in scanning the blank space between sound

film frames, and 10 per cent of the line time was used up by the return

sweep in the receiver. The television image, which was the same size

as the projected motion picture, was 5.6 inches high. This dimension

was 20 per cent less than the height of the entire 240-line field including

the blank portion, which was, therefore, 6.9 inches. The width of the

entire field including return trace was 6.9 X 7/6 or 8.1 inches, and the

width of the television image was 10 per cent less than this, or 7.3

inches. Thus, the total area transmitted per frame period was

6.9 X 8.1 or 56 square inches; the useful image area was 5.6 X 7.3 or

41 square inches.

The three amplitude-frequency characteristics used in the video

circuit are shown in Fig. 8. Curve A is for two square scanning

apertures in tandem, one transmitting and one receiving, each having

the height of one scanning line. No electrical band limitation was

effective in this case. Curves B and C are for the addition of each of

two special low-pass filters which were carefully phase-equalized and
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designed for gradual cut-off. In each case the nominal band width

was taken to be the same as that for the aperture effect alone, namely,

the frequency at which the loss is 7.8 decibels greater than at low fre-

quency. The addition of a low-pass filter could thus be considered

— 2
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the return trace, by the observed area of one figure of confusion of the

equally sharp motion picture. The number of cycles per frame period

was the nominal band width of the video circuit, in cycles per second,

divided by the number of frames per second, or 24.

Case A Case B Case C

Figures of confusion per frame
Cycles per frame period
Ratio

22,400
33,600
1.50

18,900

26,200
1.38 .

14,800
18,800
1.27

The ratio in Case A was suspected to be too large because of un-

accounted-for small defects in the film scanner which degraded the

image sharpness more than was indicated by the aperture efifect alone.

The difference in ratio between Cases B and C was no larger than the

measured probable error of each set of observations. Making allow-

ance for these things, we concluded that the ratio between the number

of cycles per frame period and the number of figures of confusion per

frame area had been found to be 1.3.

This factor 1.3 gave us a basis for calculating the television aperture

loss in the direction normal to the scanning lines, and enabled us to

compute the nominal video frequency band required to yield an image

having equal horizontal and vertical resolutions.

The stepped nature of the brightness variation across the scanning

lines of a television image, in contrast to its continuous nature along

the lines, gives rise to the requirement that for equal resolution in the

two directions the scanning apertures must be longer in the scanning

direction than they are across it. The extent of this departure from

squareness has been estimated (see references 3 to 7) at from 1.2 to 1.9

mostly on theoretical grounds. Our comparison of a television image

of known characteristics with a controlled out-of-focus motion picture

furnished a subjective measurement of the effect which yielded the

value 1.4 for the ratio of width to height of the scanning apertures for

equal resolution. We take width to mean the dimension along the

scanning lines, and height to mean the dimension normal to them.

We found that the nominal video band width of a television signal,

in cycles per frame period, was 1.3 times the number of figures of

confusion per frame area in the equally sharp motion picture. This

meant that the area of each figure of confusion was 1.3 times as great

as the area of one scanning line over a (scanned) length of one cycle.

By the adopted definition of nominal video band width, the length of

one cycle was just twice the length of each one of the pair of rectangular

scanning apertures which were considered equivalent to the actual
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square apertures plus the filter. According to the scanning theory of

Mertz and Gray,^ the pair of apertures in tandem was equivalent, in

frequency limitation, to a single aperture 1.35 times as long as either

one of the pair. Taking the width of this single aperture (1.35 times

the length of one half cycle) equal to the width of the figure of confu-

sion, the height of the figure of confusion was calculated from its area

to be 1.9 times the height of one scanning line or one scanning pitch.

This was the measure by subjective comparison of the resolution across

the scanning lines.

Under the condition of equal resolution along and across the scanning

lines, the figure of confusion would have to be square and its width

would then also be 1.9 times the scanning pitch. The width of each

one of the pair of equivalent tandem scanning apertures would be

1.9/1.35 or 1.4 times the scanning pitch. That is, two rectangular

scanning apertures, each 1 line high and 1.4 lines wide, used in tandem

without electrical band limitation, would yield an image having equal

resolution along and across the scanning lines.

The nominal frequency band associated with such scanning apertures

is 1/1.4 times that associated with square apertures. That is, the

nominal video frequency band, in cycles per frame period, required for

equal horizontal and vertical resolution is 0.70 times one half the

number of square scanning elements per frame area, reckoning a

square scanning element as an area of height and width equal to the

scanning pitch, or spacing between scanning lines.

For comparison with the value 0.70 which we have just found, the

following values of nominal band width coefficient have been lifted

from their contexts in the references:

(a) Kell, Bedford and Trainer (1934) 0.64
{b) Mertz and Gray (1934) 0.53

(c) Wheeler and Loughren (1938) 0.71

{d) Wilson (1938) 0.82

{d) Kell, Bedford and Fredendall (1940) 0.85
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APPENDIX
1. Determination of the Size of the Figures of Confusion

The image was put out of focus by moving the projection lens nearer

to the film gate, throwing the plane of sharp focus beyond the viewing
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screen. Assuming for the moment that the optical imagery was per-

fect, each point of the film gave rise to a pyramidal volume of light

whose base was the opening of the external aperture and whose apex

was the point's image in the new focal plane beyond the screen. The

intersection of this pyramid with the viewing screen was the geo-

metrical figure of confusion for that point. The shape of the figure

was geometrically similar to that of the aperture, and the side of the

figure was to the corresponding side of the aperture as the distance

from focal plane to screen was to the distance from focal plane to

aperture.

The distance of the focal plane beyond the screen was related to the

displacement of the lens from the "in focus" position by means of the

simple lens formula, and this relation was verified by actual measure-

ment of the distances. The geometrical area of the figure of confusion

was thus known in terms of the lens displacement, as shown in Fig. 9.

Efforts to check this relationship by direct measurement of the

dimensions of the figure of confusion in the plane of the screen were

nullified by the aberrations of the optical system, especially by the

residual chromatic aberration. A comparison method was therefore

devised in which the out-of-focus image of a very thin vertical slit was

compared with an actual slit in the plane of the screen. In the film

gate was placed a glass plate bearing a sputtered layer of gold with a

razor-blade scratch not wider than 0.0001 inch in selected portions.

In the plane of the screen was placed a back-lighted slit made by

cementing the two halves of a cut piece of thin black paper onto a piece

of translucent white paper. This slit had sharp, parallel edges and

uniform brightness over its width, which was easily made as small as

0.005 inch. A set of these slits was prepared, ranging in width up to

0.100 inch, and each one was observed, without optical aid, close beside

the projected out-of-focus image of the scratch in the gold film. The

apparent brightnesses were equalized by means of neutral-tint filters

behind the paper slit.

The ranges of values of lens displacement and of external aperture

shape which were used in the experiments were tested in this way, by

adjusting the out-of-focus images to subjective equality with the sharp-

edged slits. In every case the measured width of the comparison slit

turned out to be about 15 per cent less than the calculated geometrical

width of the projected image. This seeming a not unreasonable meas-

ure of the effect of the aberrations, it was adopted as a factor for con-

verting geometrical sizes into subjective sizes of the figures of confusion.

Figure 9 shows both the calculated geometrical area and the observed

subjective area of the figure of confusion in terms of the displacement
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to break up the image of the lamp filament which otherwise would have

been formed near the principal planes of the projection lens and would

have destroyed the uniformity of illumination within the figures of

confusion of the out-of-focus image on the screen. The screen

brightness was about 10 foot-lamberts with the projector running

without film.

Projection Machine

Acme Portable, with two-bladed shutter. There was no provision

for reproducing the sound track. The screen imag^, in sharp focus,

was said by competent judges to represent very good motion picture

projection practice.

Projection Lens

Bausch and Lomb Series "0", 6.00-inch focus. There was fitted

over the lens barrel a brass ring with an extremely sharp turned edge

to serve as an index for the measurement of lens displacement. The
lens could be set to the nearest 0.0003 inch by means of the focusing

mechanism. The image was put out of focus by moving the lens

toward the film. At sharp focus the linear magnification was 12 times.

Measuring Microscope

Mounted rigidly on the frame of the projector, and fixed with respect

to the film gate. The micrometer scale was focused on the index mark
on the barrel of the projection lens. A lens displacement of 0.060 inch

caused the index to traverse 50 divisions of the scale.

External Aperture

An adjustable black paper mask mounted 1| inches from the prin-

cipal planes of the lens, on the screen side. The opening was rec-

tangular, with sides horizontal and vertical, of constant area 0.49 square

inch. The ratio of height to width could be varied continuously from

2.5 to 0.40 without changing the area. The opening was uniformly

filled with light under all conditions.

Viewing Screen

White Bristol board, 7.2 inches high by 7.6 inches wide (the image

size of an available television receiver to be used for comparison).

The screen was hung at the back of a black-velvet-lined box 18 inches

high, 22 inches wide and 12 inches deep. The viewing distance was

always 30 inches.

The viewing room was completely darkened except for a little stray

light from the projection machine.
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Scene 1 Scene 2

I ^$^

Scene 4

Scene 3

Scene 5

Fig. 10

Scene 1 reproduced by courtesy of Loucks & Norling.

Scenes 2 and 3 reproduced by courtesy of Fox Movietone News.

Scenes 4 and 5 reproduced by courtesy of Paramount News.



SUBJECTIVE SHARPNESS OF IMAGES 585

The Observers

The observers were almost all Laboratories engineers associated with

television research and transmission problems. The average observer

devoted about one hour to the experiment on unequal horizontal and

vertical resolutions, and about three hours (in two sessions) to the

experiment on small differences in resolution. Each observer was

carefully instructed with regard to the purpose and the mechanism of

the experiments, and was allowed to examine trial pictures to see

clearly the effects of changing the shape and size of the figure of

confusion.

Motion Picture Film

Standard 35 mm. black-and-white sound film on safety base. The
area projected onto the screen was 0.600 inch high by 0.633 inch wide.

For the experiment on unequal horizontal and vertical resolutions,

five different scenes were used. Sample frames from them are shown

in Fig. 10. For the experiment on small resolution differences, Scene 3

was selected as the most suitable on the basis of photographic excellence

and picture content, and this alone was used. Each of the scenes was

about one quarter of a minute in length, and was shown repeatedly.

Brief descriptions follow:

Scene 1: A country-side landscape, with trees and fields. A center

of interest is the tall steeple of a white church on the distant hillside.

A concrete highway flanked by a white fence carries cars into and out

of the picture. There is no fast motion.

Scene 2: A full-length view of a girl modeling an evening dress

moving slowly against a dark, fluted backdrop. A large vase of flowers

is a secondary center of interest.

Scene 3: A close-up view of a girl modeling a hat, turning slowly

against a plain, neutral background.

Scene 4: A street scene of an Indian parade, with a background of

store windows and signs. The parade moves rather rapidly, and there

is some motion among the by-standers.

Scene 5 : A closer view of some of the Indians in the parade. There

is much fine detail in the costumes, and the motion is rapid.
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Cross-Modulation Requirements on Multichannel

Amplifiers Below Overload

By W. R. BENNETT

Interchannel interference caused by non-linearity of multi-

channel amplifier characteristics is analyzed in terms of second and
third order sum and difference products of the bands of energy

comprising the various channels. Methods of relating the resulting

disturbance to discrete frequency measurements are described and
means for arriving at modulation requirements on individual

amplifiers thus established.

1. Introduction

'ITT'HEN a repeater is used to amplify a number of carrier channels

^ " simultaneously, departure from linearity in the response as a

function of input amplitude tends in general to produce interference

between the channels. The non-linear component of the amplifier

characteristic in efifect acts as a modulator, changing the frequencies

in the input wave and producing components which fall in bands

assigned to channels other than the original ones. This phenomenon
has been called "interchannel modulation" or "non-linear crosstalk."

In formulating the requirements which are imposed on a repeater to

insure that the resulting interference between channels will not be

excessive it is convenient to treat separately two aspects of the

problem namely—the condition when the total load on the amplifier

is within the range for which the amplifier is designed and the severely

overloaded condition. Actually a transition region between these two
cases must also exist but when a considerable amount of negative

feedback is used the break in the curve of response vs. input is quite

sharp so that for practical purposes the input may be said to be either

below or above the overload value.

Below overload, the amplifier characteristic may in most cases be

represented with sufficient accuracy by the first few terms of a power
series and the interchannel modulation analyzed in terms of the

resulting combination tones of the frequencies present in the different

channels. The total interference resulting from the combination tones

falling in individual channels must be kept below prescribed limits.

Above overload on the other hand the resulting disturbance in all

channels becomes quite large and requirements are based on making
such occurrences sufficiently infrequent.

587
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The load capacity requirement has been discussed in a paper by

B. D. Holbrook and J. T. Dixon. ^ In the present paper we assume

that the principles there developed have been used to fix the maximum

load which the amplifier must deliver and proceed with the second

phase of the problem—the determination of the modulation require-

ments which the amplifier should meet below overload. A secondary

objective is to set up simple testing procedures by which the per-

formance of the system may be assessed without incurring the com-

plications attendant upon loading the system with talkers. One such

procedure involves the measurement of distortion products by a

current analyzer when sinusoidal waves are impressed upon the system.

Another involves the measurement of noise in a narrow frequency band

when a band of noise uniformly distributed over the transmission range

is impressed upon the system.

The path followed in reaching these objectives starts in Section (2)

with a demonstration of the way in which non-linearity leads to inter-

ference in specific cases. Section (3) then considers the magnitudes of

typical modulation products and arrives at volume distributions for

them, by which the fluctuating character of speech may be taken into

account. The basis for treating interchannel modulation as noise is

given in (4). Since one of the most convenient testing methods in-

volves the use of sine waves the relationship of distortion measured

with sine waves to the distortion observed with speech on the system

must be set up as in (5). The number of products falling in any single

channel is considered in (6) and the average noise in any channel may

then be evaluated in (7) with the aid of the results of preceding sections.

The effects introduced by multiple centers of distortion in the ampli-

fiers of a transmission link are considered in (8). The paper concludes

with a discussion of test methods presented in the ninth section.

2. Interchannel Modulation as a Source of Crosstalk

We shall consider specifically a single sideband suppressed-carrier

multichannel speech transmission system of the four-wire type al-

though much of the treatment is also applicable to other kinds of

carrier systems. The carrier frequencies will be assumed to be ad-

jacent harmonics of a common base frequency greater than the highest

signal frequency. The amplifier characteristic will be assumed to be

expressible with sufficient accuracy by means of linear square and

cube law terms. That is if ip represents the output current and eg

the input voltage we' write

ip = aieg + 02^/ + cLz^o^- (2-1)

1 Bell System Technical Journal, Oct. 1939, Vol. 18, pp. 624-644.
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Multivalued characteristics such as associated with ferromagnetic

materials and reactive characteristics in which the coefficients vary

with frequency are not included. The mechanism by means of which

the characteristic (2.1) gives rise to interchannel interference may be

illustrated by assuming that a sinusoidal signal of frequency q radians

per second is impressed on the voice frequency channel associated with

the carrier frequency mp, where p is the base frequency in radians per

second and m is an integer. The resulting wave impressed on the

amplifier is of the form

eg ^ Q cos {mp + g)t, (2.2)

if upper sidebands are transmitted; the plus sign would be replaced by

a minus sign in a system using lower sidebands. Substituting the

value of eg given by (2.2) in the characteristic (2.1), we find:

ip = aiQ cos (mp + q)i + 2^2<2' + 2«2<2^ cos {2mp + 2q)t

+ iazQ^ cos (mp + q)t + ia^Q^ cos (Smp + 3q)L (2.3)

Considering the terms which appear in the response (2.3), we note

that the first term is the desired amplified signal. The second term

is a direct current of trivial importance; if the system contains a trans-

former, this component is not transmitted. If q does not exceed p/l,

the third term will be received in the channel associated with the

carrier frequency 2mp and will there produce a detected frequency

twice as great as the original signal frequency. In such a case, it

represents interference produced in the 2w/>-channel when the mp-
channel is actuated. If q exceeds p/2, the interference falls in the

{2m + l)^-channel. The fourth term of (2.3) is received in the

w^-channel and represents a non-linearity in intrachannel transmission

since its frequency is the same as that of the applied signal but its

amplitude is proportional to the cube of the impressed signal amplitude.

This term is of trivial interest in the study of transmission quality of

individual channels of a well-designed multichannel system and is of

no interest in the interference problem with which we are here con-

cerned because it is received only in the originating channel. Finally,

if q is less than p/3, the fifth term represents interference of frequency

3q received in the channel associated with the carrier frequency three

times that of the originating channel; if q is greater than p/S, the

interference falls in a higher channel.

Next suppose that a number of carrier channels are simultaneously

transmitting signals. By substituting an expression representing the

resulting carrier wave, which is a sum of several terms such as (2.2)

with different values of Q, m and q, in the amplifier characteristic (2.1),
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we find that in addition to interference in channels having twice and

three times the fundamental carrier frequencies, there are modulation

terms appearing in channels having carriers which are various com-

binations of sums and differences of the original carrier frequencies.

The second order term gives rise to crosstalk products with carriers

{m + n)p and (w — n)p as well as Imp. The third order term

causes products with carriers (2m + n)p, {2m — n)p, {I -\- m -\- n)p,

(J
-{- m — n)p, and {I — m — n)p as well as 2>mp. In the above /, m

and n are integers. For convenience we represent the tones asso-

ciated with the carriers Ip, mp, np by A, B and C and designate the

various types of products as A -{- B, A — B, 2A -\- B, 2A — B,

A -\- B + C, etc. It will be noted that the resultant modulation

falling in a particular channel at any instant depends on the particular

loading conditions prevailing on other channels at the same instant,

and that a wide variety of amplitudes, numbers, and types of products

are possible. Detailed study of these possibilities is necessary for the

solution of our problem,

3. Nature of Multichannel Speech Load and
Resulting Modulation Products

Considering any individual channel of the system, we note that (1)

it may be active or inactive and (2) if active, the signal power being

transmitted may vary throughout a considerable range of values.

With regard to (1), we may estimate from traffic data a probability r

that a channel is active.^ With regard to (2), data are available on

the distribution of volumes corresponding to different calls at the toll

switchboard. By "volume" is meant the reading of a volume indi-

cator of a standard type. The distribution is approximately normal

and hence may be expressed in terms of the average value Vo and

standard deviation a. In mathematical language, the probability that

the volume from any subscriber is in the interval dV at F is given by

p(V)dV = -^ e-(^-i^o)^/2.^J7. (3.1)

The value of Vo is about 16 db below reference volume, or about — 8 vu

when measured on the new volume indicator recently standardized in

the Bell System. The value of a is about 6 db. It is to be noted that

volume is proportional to the logarithm of average speech power and

hence Vo is not the volume corresponding to the mean of the average

speech powers of different talkers. The latter quantity, which will

* A channel is said to be active whenever continuous speech is being introduced
into it. See Reference (1).
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be designated by Vop, may be calculated by averaging the distribution

according to power, thus

Vqp = 10 logio antilogio F/10

= Fo + 1^ loge 10 (3.2)

= Fo + .115 a\

when Fo and <t are expressed in db. The method of obtaining this

result is indicated in Appendix A.

It will be convenient to extend the term "volume" to apply to

modulation products by designating the modulation product produced

by 0-vu talkers as a "zero volume modulation product" of its par-

ticular type. This is not its absolute volume as read by a volume

indicator, but a reference value to which modulation products of the

same type produced by talkers of other volumes may be referred. We
assume on the basis of a power law of modulation that the volume of a

product will increase one db for each one db increase in volume of a

fundamental appearing once in the product, two db for each db increase

in volume of a fundamental appearing twice, etc. Thus a {2A — B)-

product should increase two db for one db increase in the volume of

the ^-component, and one db for one db increase in the volume of the

5-component. If the fundamental talker volumes producing a par-

ticular product are normally distributed on a db scale, it follows from

established relations concerning the distributions of sums ^ of normally

distributed quantities that the volume of the product is also normally

distributed. The relations between average and standard deviation

for the modulation product and the corresponding quantities Fo and
0- for the fundamental are shown in Table I.

TABLE I

Modulation Average in db Referred to Standard Deviation
Product Product from 0-vu Talkers in db

2A 2 Fo 2a-

A ±B 2 Fo V2(r

iA 3 Fo 2,a

2A ± B, B - 2A 3Fo VSa

A + B±C,A-B-C 3Fo -^Ja

That is, if the fundamental talker volumes are normally distributed

with average value — 8 vu, and standard deviation 6 db, the

2 Multiplying amplitudes of fundamental components is equivalent to adding
logarithms of amplitudes; hence the volumes of the fundamental components add
to determine product volumes. For a derivation of the distribution function of the
sum of two independent normally distributed quantities, see Cramer, Random
Variables and Probability Distribution, Cambridge Tract No. 36, 1937, p. 50.
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(A -}- B — C)-type products, for example, are also normally dis-

tributed in product volume with average value 24 db less than the

product produced by three 0-vu talkers and standard deviation 6^13

or 10.4 db. To obtain the product volume corresponding to the

average power of the product distribution, .115(10.4)2 or 12.4 db must

be added. In general if Vop of an x-type product is desired, it may be

expressed as rjxVo + .llSXicr^ where rix is the order of the jc-type

product, and the value of X^ is given by the square of the coefficient

of a in the third column of Table !.* We observe that VxVo + .llSXxO-^

= VzVop + .115(Xx — r?x)o'^, and that \x = Vx for x = A ± B and

A ±B ±C.
The frequencies present in a typical commercial speech channel

extend over a range of approximately 3000 cycles. The spacing of

carrier frequencies must be made somewhat greater than this to allow

for filter cut-offs. Figures 1 and 2 illustrate the spectra of the various

second and third order modulation products resulting from two and

three fundamental channel spectra respectively which are flat from

10 per cent to 80 per cent of the carrier spacing. Actual speech

channels would have peaked spectra but the results would be roughly

similar. Each second order band of products occupies twice the fre-

quency range of one original speech band, and a third order band of

products spreads over three times the fundamental range. Portions

of one product band may thus be received in different channels, but

with one part usually much larger than the others. It is to be noted

that a 2^-type product band does not consist merely of the second

harmonics of all tones in the band A, but includes all possible sums of

the tones in the fundamental band. The spectrum of the 2^-type

product is similar in shape to that of an (A -f .B)-type product but has

half as much total power because only half as many sum products can

be formed from a single band as from two equal bands. The interfering

effect of a 2.4-type product from a speech channel may of course be

quite different in character from that of an (A + 5) -type product since

in the latter case the result depends on two independent talkers.

4. The Noise Resulting from Modulation Products

It will be noted that the interference produced as described above

may be classified as unintelligible, since in products involving one

channel, the wave form is distorted, and in products involving more

than one channel, sums and differences of independent signal frequen-

cies are heard. It may be said therefore that interchannel modulation

* In general for a (niiA it Wj-B ± ntsC ± • • O-product, Xj^ = Wi^ + «^2^ + ^3^

+ .
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may be treated as noise, and the usual noise requirements apply. If

a great many products are superimposed, the noise heard will be fairly

steady, and the average weighted noise power is a sufficient indication

of the interfering effect. In systems with a small number of channels,

large variations in the noise may occur, and it may be necessary to

consider the infrequent large bursts of modulation from exceptionally

loud talkers as a limiting factor. The allowance to be made can be

estimated by determining the complete distribution curve of modula-

tion noise. Computation of the required distribution function may
be carried out by methods similar to those described in the paper by
Holbrook and Dixon. ^ The fact that the products are not independent

introduces a difficulty which complicates the calculation. For systems

with a large number of channels, the requirements may be based on

average values with a considerable resulting simplification.

If in addition to the sidebands due to speech, "carrier leaks"

(partially suppressed carrier waves) are present, modulation products

are produced which are sums and differences of carrier frequencies and

speech sidebands. Products of this sort may cause intelligible cross-

talk. For example the carrier frequency mp modulating with the

channel frequency np -\- q causes an {A + 5) -product of frequency

{m + n)p + 5- which is received in the channel with carrier frequency

{m 4- n)p as the original signal frequency q. Requirements on in-

telligible crosstalk are in general more severe than on unintelligible;

hence it is important that the carrier leaks be suppressed well below

the level of the speech channels. The intelligibility tends to disappear

as the number of channels is increased, since the number of super-

imposed products becomes larger thereby producing masking effects.

Carrier leak modulation is however more serious than modulation from

speech channels having the same power since carrier leaks are present

all the time, while speech sidebands occur only in active channels.

Similar considerations apply to pilot and control tones.

Quantitatively, the various frequency components in modulation

noise must be weighted in terms of their interfering effect on reception

of speech. In practice the weighting is done by a noise meter designed

for that purpose. The noise meter readings are expressed in terms of

db above reference noise. A reading of zero, or reference noise, is

produced by a lOOO-cycle sinusoidal wave with mean power equal to

one micromicrowatt. The weighting incorporated in the noise meter

is determined by judgment tests of the relative interfering effects of

single frequencies and other reproducible noises.
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5. Relation Between Speech and Sine Wave Modulation

A goal of our investigations is to express the requirements finally in

terms of measurements which can be made on amplifiers with sinu-

soidal testing waves. A means of relating modulation products pro-

duced by speech channels to those occurring when discrete frequencies

are applied is therefore needed. For our purposes here we shall

express the needed relation ^ in terms of a "Speech-Tone Modulation

Factor," which we shall abbreviate as S.T.M.F. and define in terms

of the following procedure: Apply the fundamental single-frequency

test currents necessary to produce the product in question, which we
shall designate as an x-type product. Adjust each fundamental to

give mean power of one mw. at the zero level point of the system.

Measure the resulting x-type product at the point of zero transmission

level of the system. Suppose the product is Hx db below one funda-

mental. Next load the system with speech from the combination of

fundamental talkers required to form the talker product of x-type.

Each talker must produce speech volume of vu at the transmitting

toll switchboard or point of zero transmission level. The product is

then received from the appropriate channel and a comparison is made
between it and the speech from one talker with both talker and product

at the same transmission level point in the system. The comparison

should be made on the basis of relative interfering effect. Suppose it is

determined that an x-type product is Lx db below one 0-vu talker.

Then Sx, the S.T.M.F. for an x-type product, is defined by

Sx = Lx- Hx. (5.1)

The sign of the S.T.M.F. has been assigned here to be positive when

the difference in db between effect of talker and talker product is

greater than the difference between sine wave fundamental power and

sine wave product power.

It is to be noted that not only does each type or product possess

its own S.T.M.F., but also that the several portions of a product ap-

pearing in different channels have different S.T.M.F.'s. This may
be clearly seen from Figs. 1 and 2. We note also that the S.T.M.F.

is a property of the system on which the measurements are made, since

it varies with the band width of the channels, the spacing of carrier

frequencies, and the extent of departures from the simple square and

cube law representation of the amplifier characteristic. It also varies

with the type of transmitting and receiving instruments used. Theo-

*The quantity here defined is related to what has been called "staggering advan-
tage" of modulation products. Since the term "staggering advantage" has been
applied to various kinds of interference including linear crosstalk, its use here might
lead to confusion and is avoided.
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retically it should be possible to compute the S.T.M.F. for any par-

ticular product if sufficient information concerning the properties of

speech, the transmitting and receiving instruments, the carrier system

2 3 4
CARRIERS

Fig. 1—Spectra of second order modulation products
from two fundamental channels.

itself, and the ear were known, but in practice it is found best to use

experimental determinations. In the case of new systems for which

experimental data are not available, estimates based on known systems

of similar type would be used.

6. Number of Products Falling in Individual Channels

In the appendix it is explained how the total number of possible

products of each type falling in individual channels may be counted.

Table II shows the result of counting all second and third order type

products.^ Results for products falling both within and without the

fundamental band are given. In certain of the {A -\- B — C)- and
{A — B — C)-type products, the channel in which the product occurs

also is the source of one of the fundamentals. Since this would give a

type of interference heard only when the disturbed channel is also

carrying signal, it is not in general as serious a form of crosstalk as the

cases of independent fundamental and product frequencies. Therefore

the number of these special kinds of products has also been evaluated

* Mr. J. G. Kreer collaborated in the derivation of these formulae.
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TABLE II

Number of Products Falling in ^th Channel of Multichannel Carrier System
WITH Harmonic Carrier Frequencies rtip, (»i+ !)/>, ... (ni+ iV— 1)^

Wi/> = Lowest Carrier Frequency. iV= Number of Channels.
n2p = (ni+iV—l)/) = Highest Carrier Frequency. /(x) =" Largest Integer^oc."

kp = Carr, Freq. Associated with Mod. Product. No. of Products is Outside Ranges Indicated.

Type

Number of Products

Second Order

2A.

A+B

k k
1, ni^-^ii2 if - is an integer

7h—llxj, W1+W2—^—2H2

A-B N-k,0<k<N
Third Order

3A
k . k .

1, wi<-<M2 if T is an integer

2A+B

2A-B.

A-2B.

A+B+C.A

„,_7g) +/(^^)_/(^i:^) + l,„,+ 2«2<^<3«2

j/'!!!+^A _„,+ !, 2Hi-K2</fe<wi-l, k^O

n2+'i. — l(——^
], n2+l—^—2w2— wi

lC^^^^\-ni+ l, 0<k<n2-27ii, W2^2n,

/( -7 )+/
Yz

' "i+ 2w2-l^«^3w2-3

2wi+«2+2<^^mi+2m2— 2

A+B-C.A

N-n^+ k\ ^/'N-m + k+ \' i(i^:zli±i),( Y 2ni — 7h+ l^k^ni-i

Note: Number of products included in which k— ni, wi<^<ni+
N-1

^-channel signal is one fund, component = -

rii— k, rti+
iV-1

Kk^ru

A-B-C. j(^N-^yi^N~^k^n^y 0<;fe<«2-2«,-l, n2>2«.+ l

Note: Number of products included in which
^-channel signal is one fund, component =

N-2k-\, m^k'-

J. "2—1,^1.
k— n\, :^ "^k-

N-2k,

3 "

«2+ l.

.K2— 1

- W2+1
" 3

.N
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and shown in the table. The number of these is to be subtracted from

the total of the {A + B — C)- or {A — B — C)-types to obtain the

number of products not involving the listening channel. It should be

pointed out also that kp is the derived carrier frequency throughout

and that the products may extend over into adjacent channels. The

principal component of the product usually falls in the channel with

carrier frequency kp, but in some cases the amount of energy falling in

adjacent channels may be quite considerable, as may be seen from

Figs. 1 and 2.

The average number of products falling simultaneously in one

channel is found by multiplying the total possible number by t^ for

two-frequency products and t^ for three-frequency products, these

factors being the probability that any particular product is present.

The average number present is not affected by the dependence of the

products arising from the fact that one talker may participate in the

formation of more than one of the products falling in a channel. For

convenience in making use of the results of Table II in evaluating the

amplifier requirements, we shall represent the number of x-type prod-

ucts falling in channel number k when it is idle and all other channels

are active by the symbol Vxk- We shall also let y.{x) represent the num-

ber of distinct fundamental components required to produce an x-type

product, e.g., m(^ + B) = 2, fx{2A + B) = 2, fx{A + B - C) = 3,

etc. It follows that the probability that any particular product is

present is t''(*\ since r is the probability that any one required com-

ponent is present. The average number of x-type products present

in the i^-channel is therefore VxkT''^'\ and may be considered as de-

termined since Vxk is the quantity tabulated in Table II.

7. Modulation Requirement in Terms of Average
Total Noise Permissible in a Channel

From Section 3 we have a result for the volume of one product of

arbitrary type, averaged on a power basis for a distribution of funda-

mental talker volumes, referred to the product of the same type pro-

duced by zero volume talkers. From Section 6 we have the average

number of products of each type appearing in a channel. Combining

these two results should give the average total modulation of each type

present in a channel. A difficulty occurs however inasmuch as it is

not certain how the interfering effect of superimposed modulation adds.

The noise caused by one modulation product is of an irregular nature

and it is probable that its most disturbing effect is associated with

infrequent peak values. When two products are superimposed their

individual peaks are not apt to coincide and hence the resultant dis-
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turbance may not be much greater than that of one alone. We shall

introduce here the concept of "plural S.T.M.F." Suppose v products

of x-type are superimposed and comparison of the resulting noise with

one fundamental talker shows that the difference is Lxv db. If inter-

fering effects add as mean power we should expect L^, to be equal

to Lx — 10 logio V. Hence it seems logical to write

Sxv = Lxv + 10 logic V - Hx, (7.1)

where Sxv is the "plural S.T.M.F." to be used when v products are

superimposed in order that power addition of products may be valid.

Combining (5.1) and (7.1),

Lxy — Lx = Sxv — 5x — 10 logio V, (7.2)

which shows that the correction to be subtracted from power addition is

Pxv Sxr Sx' \i.Oj

The value of pxv is best determined by experiment. Superposition of

a large number of products without using an excessive number of

talkers can be accomplished by making phonograph records of indi-

vidual products and combining their outputs in subsequent recordings.

The average total modulation of x-type in a channel is found by
multiplying the average value for one product by the average number
of products, and subtracting the quantity pxv, which may be called the

"plural S.T.M.F. correction," thus

Vx = VxVop + .115(X. - Vx)a^ + 10 logio Vxkr"^'^ - Px.. (7.4)

where Vx is the volume averaged on a power basis of the x-type

modulation in the ^-channel referred to the volume of one x-type

product from 0-vu talkers. We next wish to express Vx in terms of

db above reference noise.

Let Ta represent the "noise" produced by a 0-vu talker in db above

reference noise. This is an experimentally determinable quantity and

is about 82 db. Let Tx represent the noise from an x-type product

from 0-vu talkers. Then Lx, the quantity appearing in (5.1), is

given by

Lx^ Ta- r,. (7.5)

The average total noise produced by all x-type products in db above

reference noise is given by

W^= F, + r, = Vx+T.-Sx- Hx. (7.6)
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If we assume that the total modulation noise allowable for an x-type

product is X db above reference noise at zero level, we may equate X
to Wx in (7.6) and solve for Hx, giving

Hx= F, + r„ - 5, - X. (7.7)

Substituting the value of Vx from (7.4) in (7.7), we get for the system

requirement in terms of allowable ratio of fundamental to product

when there is one mw. of each fundamental at the point of zero trans-

mission level:

Hx = Ta-\- VxVop — Sx -{- .115(Xx — Vx)o^

+ 10 logio vxk + lOju(x) logio T — pxv — X. (7.8)

For the convenience of the reader, the following recapitulation of

significance of the symbols used in (7.8) is given:

Hx = Ratio in db of power of each single frequency fundamental

to power of resulting 3c-type product when each fundamental

has power of one mw. at point of zero transmission level.

Ta = Reading of 0-vu talker on noise meter in db above reference

noise.

77^ = Order of x-type product.

Vop = Volume in vu corresponding to the average power of the talker

volume distribution at the point of zero transmission level

= Fo + .1150-2 where Va is average talker volume in vu.

0" = standard deviation in db of talker volume distribution.

5x = Speech-Tone Modulation Factor of x-type product as defined

in Section 5.

X^ = Vwi^ + W2^ + • • • for (miA ± mzB ± • • ^-type product.

Vxh = total number of x-type products which can fall in channel with

carrier frequency kp. See Table II.

ju(x) = number of distinct fundamentals required to produce x-type

product.

T = fraction of busiest hour that a channel is active.

Px, = correction to be applied to S.T.M.F. when p products are

superimposed. Defined in (7.1)-(7.3).

X = Allowable modulation noise in channel in db above reference

noise at zero transmission level point.

The allowable noise may be divided equally between second and

third order purely on a power basis by setting the requirement for

each 3 db more severe than the total value allowed, or it may turn out

that the noise from one order is much more difficult to reduce than

that of the other in which the full allowance may be given to the more
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difficult one, and the other made to contribute a negligible amount.

Usually one type of modulation product will predominate for a given

order and the allowable noise for the order may be assigned to this

type. If such is not the case division of the noise between the various

types may be estimated.

8. Addition of Products in a Multirepeater Line

When a number of amplifiers are used in a carrier system, contribu-

tions to interchannel interference occur at each repeater. The con-

siderations previously discussed have a bearing on the modulation

requirements on the system as a whole, but it is evident that the

individual amplifiers may have to meet much more severe require-

ments. The relation between total system modulation and single

amplifier modulation depends to a considerable extent on the phase

angles between products originating in the various repeater sections.

A discussion of the general problem of addition of modulation prod-

ucts from multiple sources is to be given in a forthcoming paper by

J. G. Kreer. A point of particular interest in connection with broad

band systems is the effect of a linear phase characteristic on the phase

shift between modulation products originating in different repeater

sections. The curve of phase shift vs. frequency throughout the

frequency range occupied by a considerable number of adjacent

channels will in general depart but little from a straight line, but the

intercept of this straight line if produced to zero frequency is in general

not zero or a multiple of 2t. The intercept of such a linear phase curve

is effective in producing phase difference between contributions to

modulation from successive repeater sections of all the second order

products and of some of the third order products, namely the types

2>A, 2A -{- B, B - 2A, A -{- B -j- C, and A - B - C. The phases of

third order products of types 2A — B and A -\- B — C however are

unaffected by the value of the intercept and the contributions from

the different repeaters of these types of modulation will add in phase to

give the maximum possible sum whenever the phase curve is linear

throughout the channels involved. Third order modulation require-

ments on individual repeaters of a system may therefore have to be

based on the very severe condition of in-phase or voltage addition of

separate contributions.

Experimental verification of in-phase addition of third order modula-

tion products from the repeaters of a 12-channel cable carrier system

are included in the paper by Kreer previously mentioned. Corroborat-

ing data obtained on an experimental system capable of handling 480

channels are shown in Fig. 3. The measurements there shown were
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made ^ on a loop approximately 50 miles in length with repeaters

spaced 5 miles apart. The band transmitted extended from 60-2060

kc. Fundamental frequencies of 920 and 840 kc. were supplied from

I \

I I

-r-r
f I

/ I

( I
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^^

CALCULATED SUM :

(assuming POWER"
ADDITION)

(assuming VOLTAGE
addition)

h^

2 4 6 8 10 12 14 16 18 20
NUMBER OF AMPLIFIERS ( n)

Fig. 3—Experimental data on addition of third order modulation from a multi-

repeater line. Fundamental test tones A = 920 kc, B = 840 kc. Modulation
product 2A-B = 1000 kc.

two oscillators at the sending end, and measurements with a portable

current analyzer were made at each repeater to determine the ratio of

^ Messrs. M. E. Campbell and W. H. Tidd collaborated in these measurements.
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amplitude of fundamental to that of the {2A — 5) -product falling at

1000 kc. A band elimination filter having more than 100 db loss at

1000 kc. and suppressing a band approximately from 940 to 1070 kc.

was inserted in the line at the repeater station to remove all contribu-

tions to the modulation product originating ahead of the station at

which measurements were made. In this way, the modulation con-

tributed by each amplifier and by various combinations of amplifiers

could be measured without disturbing the operating levels throughout

the system.

The data shown on Fig. 3 include measured modulation from indi-

vidual amplifiers, and from tandem amplifiers with intervening cable

sections. The summation of amplifiers proceeds in the same order

as the plotted individual amplifier values. The crosses show the

calculated sums of the individual contributions assuming in-phase

addition. Agreement between these values and the measured sums

is well within the accuracy of the measurements, considering the

difficulties involved and the length of time required to complete the

run. The dots show the resultant modulation which would be obtained

by adding the power in the individual components instead of the

voltages, which would be the expected result for a large number of

components with random phase angles. The modulation thus calcu-

lated is much smaller than the measured values indicating that a

hypothesis of random phasing is untenable for this product.

In actual systems both the magnitude and phase shift of modulation

products in the different repeater sections exhibit variations because

of non-iiniform output levels, differences in tubes and other amplifier

parts, and unequal repeater spacings. The addition factor for con-

verting system requirements to single amplifier requirements should

therefore contain a marginal allowance for these irregularities in

performance.

Summarizing our conclusions on addition of modulation from

multiple sources, we may state that the third order requirement in-

vokes the most severe condition—that of in-phase addition. Second

order products on the other hand will have enough phase shift, either

inherent or from simple reversals of terminals at alternate sections, to

make the addition no more rapid than on a power basis. In fact if

there is a high degree of similarity with respect to both amplitude and

phase increment of products from successive amplifiers throughout the

system, the total second order modulation may be much less than

calculated from addition of power. In setting the requirements which

each amplifier must meet, marginal allowances should be made for

differences in lineup throughout the system and aging effects which

may take place after the amplifier is put in service.
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Let Ax represent the ratio expressed in db between the total x-type

modulation received from the system and the contribution of x-type

from one amplifier, assuming the amplifiers contribute equally. For

example, if there are K amplifiers in the system and if the contributions

to the product add in phase Ax = 20 logio K. If power addition

occurs, Ax — 10 logio K. A favorable set of phase angles may reduce

this factor by an amount depending on the uniformity of the repeaters.

If the system is divided into K\ links having Ki amplifiers in each link,

with phase shifts and changes of frequency allocations of individual

channels present at the link junctions such that amplitude addition oc-

curs within links and power addition from link to link, ^1, = 10 logio i^i

+ 20 logio -K^2- We shall also introduce a lineup factor Fx defined as

the number of db by which the x-type product requirement must be

increased to allow for irregularities in lineup operating levels of the

amplifiers. These may be due to initial differences in repeaters or

cable sections and to subsequent changes which may occur because of

aging effects. If Kx^ represents the requirement on the ratio of

fundamental to x-type product in the output of a single amplifier when
one mw. of test tone power is delivered at zero level,

iJ,0 = iJx + ^x + Fx, (8.1)

where H^ is the system requirement given by (7.8).

9, Testing Methods

It is difficult to test a broad band carrier system under conditions

simulating normal operation because of the large number of inde-

pendent conversations required to load the channels. We have seen

that much information applicable to speech load can be deduced from

current analyzer measurements of modulation products when discrete

frequencies are applied. Since rather extensive calculations are re-

quired to evaluate the performance of the system from single frequency

data, an overall test under conditions comparable to actual operation

has considerable value as a check. A convenient method of simulating

the speech load in the high frequency medium by means of a uniformly

distributed spectrum of energy such as thermal noise or the output of

a gas tube applied through a narrow band elimination filter has been

developed ^ for this purpose. The band elimination filter suppresses

the energy which would fall in several adjacent channels, hence any-

thing received in these channels at the receiving end of the line is

introduced by the system. We can thus measure interchannel modula-

tion if it exceeds the background of noise from other sources. A
8 E. Peterson, Bell Laboratories Record, Nov. 1939, Vol. 18, No. 3, pp. 81-83.
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summation is obtained over all types of products but the predominant

order may be distinguished by the power law followed. Effects not

simulated are the frequency distribution of speech energy within

individual channels and the idle periods which occur in various

channels during normal operation, but these effects are minor in a

system with a large number of channels. The noise loading method
is particularly valuable on a multirepeater line, in which modulation

measurements made with discrete frequencies may show large varia-

tions with frequency because of phasing between the various sources.

Loading with a flat band of energy secures an average of these varia-

tions over the frequency range used.
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APPENDIX A

Evaluation of Volume Corresponding to Mean Power When
Volume Distribution is Normal

The successive steps in the evaluation of (3.2) are as follows:

/Flog. 10 \
antilogioF/10 = lO^/^" = exp ( ^~

)

(x^-Fo-^log. 10

)

g 10 V 20 ' \ e
2a2 dV

U—00

= g 10 \ • 20 ° / = IQl

Hence

V 0-2

Fop = 10 logio antilogiOjQ = Fo + 20^°^' •^^•

APPENDIX B

Counting of Modulation Products

Consider an iV-channel system with carrier frequencies »i/>, («i + \)P,

• '
', flip, where n2 = fii -\- N — 1. Let g„ represent the frequency of

the signal impressed on the voice frequency channel associated with

the carrier frequency np. The wave to be amplified is then

ea = ZQn COS l{np + qn)t + ^n]. (1)
n =ni

The phase angles are of no consequence if the signal frequencies are

incommensurable; hence we shall simplify the notation by setting

0„ = 0. The square of the single series in n may be written as a double

series in m and n, thus

:
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«2e„2 = ^' E Qr? + ^J: Qn' COS (2np + 2q„)t

tij m—

1

+ «2 E E <2™<2n COS [(m + n)p + g„ + g„]/

+ «2 E E QmQn COS [(m - «)^ +-2« - g„]/. (2)

Similarly the term asC^,^ may be written as a triple series in /, m, n
as follows:

O'Z^O^ = ^ E <2n^ cos (w/> + qn)t
^ n=ni

"a

+ T ^ ^"^ cos (3w^ + 3gn)/

+ -y^ L E ^m^<2n COS (w^ + g„)/
^ m—ni+1 n—ni

2_ "J »"—

1

+^ L E <2m(2n^ COS {mp + g„,)^

O Tlj Wl—

1

+ -r T. i: QJQn COS [(2m + n)p + 2g„ + g„]/

3a "' "*~^

+^ E E <3m''<2n COS C(2w - n)p + 22;„ - 2„]/

3a "* """^

+ V ^ ^ <2'»^"' c°s [(m + 2«)^ + g. + 22„]/
^ m=ni+l n—ni

3a "' """^

+ -T^ E E <2-<2n2 cos [(m - 2n)p + 2„ - 2g„]/
^ »n=ni4-l n=ni

+ ^' Z E E P.PnJ'n

X {cos [_{l + 771 -\- n)p + gj + g„ 4- gn]/

+ cos [(/ + m - w)^ + gi + gm - qn]t

+ cos [(/ - W + W)^ + g_l - g.m + qn^

+ cos [(/ - w - n)p + gi - g« - g,]/}. (3)



608 BELL SYSTEM TECHNICAL JOURNAL

It is now a straightforward, though somewhat tedious process, to

count the total number of possible products of each type falling in

individual channels. The arrangement of terms above is such that

I > m > n; this forms a convenient way of insuring that no product

is counted twice. We shall illustrate by taking a simple case—the

second order sum product, or (A + 5) -type. Let kp represent the

carrier frequency of the channel in which we wish to determine the

number of possible {A + B)-type products. This means that in (2)

we wish to find the number of terms in the third summation in which

m = n = k. The resulting sum becomes:

^ {m^ k — m — m — I). (4)
TO=ni+l

That is, there are as many terms as there are integer values of n

satisfying the simultaneous inequalities,

ni + 1 — m ^ Hi

< m ^ ^ — Ml
(5)

The number of terms is zero li k > 2n2 — I, because the lower limit

of the second inequality exceeds the upper limit of the ftrst. If

wi + M2 — ife — 2^2 — 1, the upper limit of the first inequality and the

lower limit of the second inequality are governing, and the number of

terms is «2 — I{k/2), where I(x) is a symbolic representation for

the largest integer ^ x. If 2ni ^ k ^ iii + n^, the second inequality

is governing and the number of terms is I (
—

-z—
)
— wi. If ^ :^ 2«i,

the number of terms is zero.

In a similar manner the more complicated sums representing the

number of third order products can be evaluated. It is to be noted

that contributions to a particular type can come from more than one

of the sums listed. For example, the {A + B - C)-type is made up

of the summations from the l + m — n,l — m + n, and I — m — n

terms. In fact all these are oi {A -\- B — C)-type except those in which

I — yyi — n \s negative. The latter, since only positive values of fre-

quency are significant, are oi {A — B — C)-type. An {A — B — C)-

type product differs from {A -^ B — C)-type not only in S.T.M.F., but

also in manner of addition of contributions from a multi-repeater line

as discussed in Section 8.

As an alternative to an actual count of the products falling in a

channel, it is possible to approximate the sum by an integration
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process when the number of channels is large. This is an especially

valuable simplification for products of high order for which the counting

becomes very tedious. Suppose there are D components in unit band
width in the range a to b. Let Xi, X2, • • • Xn be n frequencies such

that a — Xi < ^2 < • • • < Xn — b. The number of products of form

m\X\ + miXi + • • • + ninXn which can be formed by selecting funda-

mentals from the n bands of width dx\ at Xi, dx^ at x^, • • • dx„ at Xn

is D"dxidx2 • • • dxn- To count the total number of such products

which can be formed in the band a to be such that the resultant fre-

quency lies in the band xo to x, we form the integral

/•6 r'Xn r'xi

g{x, Xq) = D'^ I dXn I dXn-1 * * '
I <p{x, Xo, Xi, Xi • • Xn)dXi, (6)

where

<p{x, Xo, Xi, Xi ' • • Xn)

(1, Xo — WiXi + W2X2 + • • • + W„X„ ^ X \

0, otherwise /

A suitable representation of (p is furnished by

n

(fix, Xo, xi, X2 • • • x„) = -r—. I g-'^o^ — e*" e
'=1 —

27r? L V / z
(8)

where C is a contour going from z= — oot0 2=-f-oo and coinciding

with the real axis except for a downward indentation at the origin.

To obtain the number of products v{x)dx falling in band of width dx
at X, we write

, . , . g{x, X — Ax)
Kx) = Lim ^ — -^

Ax= ^•'^

n

=
2^ I e-'"dz I dxn 1 (/x„_i • • • / e '=^ dxi. (9)

If the spacing between carrier frequencies is used as the unit band
width, we may set £> = 1, a = Wi, 6 = W2, x = ^, in (9) and obtain the

limiting forms of the results given in Table II as the number of channels

is made large. Evaluation of (9) is easily carried out by means of the

relation

:

r 27r4'"x'"~^

X
e^"dz

(m - IJ !
•

^~^

10, X < OJ

(10)
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As an example, suppose it is desired to calculate the approximate

number of {2A + B)-type products falling in channel number k when
the number of channels is large. If Xi > xi, this type of product may
be either of form 2xx + x^ or Ix^ + Xi. Both are included by the

expression

V2A+B ri
giz{2xi-\-Xi\ _|_ gtz(11+2*1)

— J
I

g2in2z gi(2ni+n2)z gt(ni+2n2)z _|_ aZinj

dxi

dz

^
0, k < 3wi

|(^ - 3wi),

K3w2 - k),

, 0, ^ > 3w2.

Sfii < k < 2ni + W2

Wi + 2«2 < k < Sfti

(11)

The method may be generalized to include the calculation of the

modulation spectra produced by fundamentals having specified arbi-

trary spectra by inserting the appropriate function of the power in unit

band width at Xi, Xi, • • • Xn in the integrand of (6).



Radio Extension Links to the Telephone System

By R. A. HEISING

TO the general public, the word radio means broadcasting, and a

radio set means a radio receiver for listening thereto. The
average man never has any direct contact with a radio transmitter,

nor with the radio telegraph which preceded the radio telephone and

so utilizes the all inclusive word "radio" for that one part of it which

he sees, buys, and uses.

The radio engineer is not quite in that class. There is, however,

much in radio with which he is unacquainted. The radio field has

become so broad and extensive that it is physically impossble for

anyone to keep abreast of the whole art. Since the application of

radio to telephone links is a specialized field, undoubtedly much of

its history and technical developments is known only sketchily or not

at all to many engineers. This paper, therefore, is planned to cover

this field briefly, show its general development, and describe in prin-

ciple a number of devices developed for use therein, most of which

are seldom if ever used in the field of broadcasting.

The radio telephone was not one of those devices that an inventor

springs upon an unexpecting world. On the contrary it was expected,

and was the object of search and investigation for years before a prac-

tical form appeared. Because the wire telephone followed the wire

telegraph, technical men expected the radio telephone to follow the

radio telegraph as soon as the latter had been practically demon-

strated. Telephone men developed an interest in it as soon as it was

suggested. Telephony over large bodies of water, over difficult terrain,

and to moving conveyances was difficult or impossible for wire

telephony, and the telephone man was intrigued by the possibility of

providing his circuits without the use of conducting wires.

During the first few years of this century, several radio telephone

systems were technically demonstrated but were found impractical.

In 1912 an important step occurred. The audion, invented by

DeForest, was brought to the attention of the American Telephone

and Telegraph Company. It appeared to have possibilities making it

superior to the mechanical and the arc repeaters for wire telephone

lines. A telephone repeater, or amplifier, was a main object of search

at that time by telephone men. The audion became the subject of

study in the Research Department of the American Telephone and
611
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Telegraph Company and Western Electric Company immediately,

and within a year and a half went through some rapid transformations.

A high vacuum and increased electron emission were provided by

H. D. Arnold and A. M. Nicolson, while a practical circuital theory

was provided by H. J. Van der Bijl. The internal arrangement was

engineered and a socket and base developed. This improved vacuum

tube was put into use on the commercial telephone lines in the latter

half of 1913 as a telephone amplifier and was the first commercial use

of the high vacuum tube. This vacuum tube amplifier contributed to

the establishment of the original transcontinental wire telephone line

which carried its first messages in July 1914,

The improved vacuum tube, during its period of development,

appeared to have possibilities as a generator of sustained oscillations

and suggested to telephone engineers that it might be much more

useful in radio than it had been up to that time. With this in mind the

A. T. & T. Company decided to start work in that direction and as

one result a number of new engineers, including the writer, were

employed and began work in the Research Depai^ment of the Western

Electric Company in the middle of 1914. Developments on the

radio telephone moved rapidly. Early in 1915 plans were made

and active work was started for field trials. A transmitting station

was established at Montauk, L. I., and a receiver located on Hotel

DuPont in Wilmington, Delaware. On April 4, 1915, speech was

transmitted from Montauk to Wilmington, a distance of 220 miles.

Connections were made with telephone lines at both ends to show its

possibilities as a link in a telephone circuit.

There followed tests to Jekyl Island, off the coast of Georgia, about

800 miles, and then work was started for a transoceanic test. To
transmit across the ocean required more power and a larger antenna.

In order to avoid the antenna expense, arrangements were made with

the Navy Department to use the Arlington antenna for transmitting,

and to use Naval radio stations at San Francisco, San Diego, Panama
and Honolulu for receiving locations. Observers with radio receivers

were dispatched to these four receiving locations while a fifth expedition

was sent to Paris where in spite of the war the French Government

kindly allowed listening on the Eiffel Tower antenna. At Arlington

the Western Electric Research Department (now part of Bell Tele-

phone Laboratories, Inc.) installed a vacuum tube transmitter, and

proceeded to make one-way tests. In August 1915 speech was under-

stood at Panama, and in September a one-way demonstration was

made across the continent, receiving at San Francisco. Within a few

days speech was heard in Honolulu and then in Paris. The tests
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showed that transoceanic telephony was possible and indicated some

of the difficulties that had to be overcome.

The radio transmitter in these tests deserves a few words because

of its novelty and because in one respect it has never been equaled.

The carrier was modulated at a relatively low level and then amplified.

The final stage of amplification contained 550 tubes in parallel which

in number appears to be an all time record. Each tube was capable of

delivering only 15 or 20 watts peak h.f. power which would give a

power rating on a telephone basis of about 2^ kw.

With these tests completed, transoceanic telephony withdrew into

the laboratory for almost eight years while further intensive work

was carried out. The second step in public occurred in January 1923

Fig. 1—The first transoceanic radio telephone circuit opened for

commercial use January 7, 1927.

when a second transoceanic test was made. A 200 kw. single sideband

transmitter had been constructed and installed at Rocky Point, Long
Island, while engineers with receiving equipment journeyed to London.

A demonstration was given to government engineers and to newspaper

reporters over there to show that practical transoceanic telephony

was possible and to interest them in constructing a return circuit.

The British government was interested and with our assistance took

up the matter of providing a transmitter and receiver for their end.

Three years were required for this third step and in February 1926

the first two-way radio telephone conversations were held between the

United States and England. Commercial service opened in January
1927. See Fig. 1.
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With the first transoceanic circuit estabHshed, further circuits

followed rapidly. For a number of years prior to 1927 investigations

had shown that short waves could travel enormous distances with

very much less attenuation than the long waves. Telephone engineers

conducted a series of long distance tests which laid the foundation for

developing circuits on these short waves with much less power. As a

result a short wave transoceanic telephone circuit, the first of its kind,

was opened on June 6, 1928, between the United States and England.

The Germans followed by establishing a circuit to Buenos Aires in

December of that year. The Dutch established one to Bandoeng in

January of the following year, 1929. Then another circuit was opened

up between the United States and London in June of 1929. The
circuit from Madrid to Buenos Aires was established that same year,

and there followed very rapidly circuits from London to various

British Colonies, a circuit from New York to Bermuda, and one from

San Francisco to Honolulu, so that as of Jan. 1, 1939 the world was

covered by a multitude of circuits as indicated in Fig. 2* However,

the radio circuits of greatest interest to us are those circuits extending

from this continent to other continents. These appear in Fig. 2.

There are several channels to London, one to Paris (temporarily

suspended), one to Rome, one to Australia (temporarily suspended),

one to Berlin, one to Switzerland, two channels to Honolulu and a

number of circuits to South and Central American countries, circuits

to Manila, Bandoeng, Tokyo and Shanghai. There is a circuit from

Montreal to London operated by the Canadian Marconi Company
and British Post Ofifice. The facilities are now such that from almost

any telephone in the United States it is physically possible to talk

to almost any telephone in the rest of the world, although due to

censorship some of the circuits are not actually in use.

Another use for radio as a link in telephone service is for providing

service where wire circuits would be unusually expensive and difficult

to maintain. Such a circuit indicated in Fig. 2 runs from Seattle to

Juneau, Alaska. It is operated by the Signal Corps and connects

with the general telephone system at Seattle. Another circuit is

shown in Fig. 3 which runs from Green Harbor to Provincetown,

Massachusetts, a distance of 24 miles across Cape Cod Bay. This

circuit supplements the wire lines which reach Provincetown by a

roundabout path by land around the south side of the Bay. The

radio link provides a very desirable alternate route to points on the

Cape and has been useful in a number of emergencies in maintaining

* Explanation.—On account of unsettled conditions, has not been brought up-

to-date.
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Fig. 2—Transoceanic radio telephone circuits in operation January 1, 1939.



RADIO EXTENSION LINKS TO TELEPHONE SYSTEM 615

service. During the hurricane of 1938 it provided the only route to

Cape Cod for a time. The Provincetown radio Hnk is different from

any of the transoceanic links mentioned previously in that it operates

in a third region of the radio spectrum known as the ultra-short-wave

region while the transoceanic circuits are in the short-wave and long-

wave regions. This circuit operates on 63 and 65 megacycles, 4.75

and 4.61 meters, respectively.

Fig. 3—Radio telephone circuit from Provincetown to Green Harbor, Massa-
chusetts, connecting with the telephone line to Boston. Land wire route between
Provincetown and Boston is also shown.

Transoceanic and other point-to-point services were not the only

services envisaged by radio engineers prior to the era of broadcasting.

Service to ships was considered an important use for radio. The
first commercial telephone service to ships was the service established

with transatlantic liners in December of 1929. Most of the larger

transoceanic liners are now equipped for radio telephone communica-

tion with both shores. A few years after this service was established,

a ship radio telephone service of a more local character was initiated

to serve fishing fleets off the New England coast. The radio station
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for this service was established near Boston. The necessary equipment

for boats was also developed. The fishing boats by means of this

service can keep in touch with the fish markets and can take advantage

of rises in prices. They also find it convenient for communicating

with each other when schools of fish are found and that has also been a

help in their operations. There have been a number of occasions also

in which it has resulted in the saving of lives at sea, as the radio was

used to notify the shore station in case of accident and the shore

station called other vessels and sent them to the rescue. This service

to fishing vessels was then extended to other coastwise vessels, yachts,

tugs, etc., so that there has gradually developed an extensive radio

service of this type on both of our coasts. Radio stations are located

not only in Boston now but as indicated in Fig. 4 there are stations at

New York, Ocean Gate, N. J., Wilmington, Del., Norfolk, Charleston,

S. C, Miami, New Orleans, Galveston, Los Angeles (San Pedro),

San Francisco and Seattle. Stations are under construction at Tampa,

Fla., Astoria and Portland, Oregon. Service is now given to more

than 2,000 vessels, there being 200 tugs, 1,100 yachts, 100 steamships,

400 fishing vessels and numerous others, police boats, pilot boats,

barges, launches, etc. The largest number of vessels so equipped for

communication with shore are grouped around New York and San

Pedro, there being about 600 in each of these areas.

In this type of service each shore transmitter and each shore receiver

is assigned a frequency. Any ship may provide itself with frequency

control crystal elements for communicating with as many of the shore

stations as it desires. Coastwise vessels in traveling along the coast

may thus keep in touch with their nearest shore station. In New
York there are two such circuits provided with transmitters located on

Staten Island, and there are receivers located at four places around

the harbor for each of the circuits so that the low-powered ship trans-

mitters may reach the nearest receiver while the higher-powered shore

transmitters reach the ship receivers directly.

On the United States side of the Great Lakes, connecting telephone

companies operate coastal harbor radio telephone stations at Lorain,

Ohio, Duluth, Port Washington, Wis., Lake BlufT, 111. and Mackinac

Island.

The use of radio in the telephone system brings forth a number of

problems. First of all, to provide a radio circuit for a telephone con-

versation there are required two radio transmitters and two radio

receivers. The transmitters and receivers must be so located and so

designed and operated that one person at one end of the circuit may
speak to a second person at the other end and the second one to the
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first even though either or both of the radio equipments be entirely

outside of the manual control of the speakers and be many miles

away. The problems involved have given rise to the development

of many pieces of apparatus which are seldom used in the broadcasting

field. It is the intention, therefore, in this paper to review some of

these devices and tell briefly why they are used and what they do.

To begin with, attention is called to three diagrams in Fig. 5. These

three diagrams indicate three of the many ways in which a transmitter

W
VOGAD COMF'ANC;Or< TRANS.
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radio transmitter. Some of the radiated energy from the transmitter

impinges on the receiver. If the receiver should be tuned to the same

wave-length the signals will then get back onto the telephone line and

some will again go to the transmitter, producing by this circular path

a singing circuit. A circuit so constructed will be entirely useless due

to the singing produced. Now it appears possible to use a hybrid

coil to connect a balancing circuit to the telephone line, with conjugate

connections to the transmitter and to the receiver so that the incoming

signals from the receiver will not go to the transmitter. Such a hybrid

circuit will work provided it can be balanced and maintained in balance.

However, anyone who has tried balancing such circuits knows that it is

generally not practicable to provide a balanced circuit suitable for all

wire line connections and for the variable gains in the radio link.

Additional means must therefore be used. Now, of course, it is

possible to operate the incoming radio circuit and, therefore, the

receiver on a different frequency as is usually done, in which case the

signals from the local transmitter will be tuned out. However, if a

similar system is used at the other end of the radio link the signals

from the near end transmitter will come in on the far end receiver, will

again go out on the far end transmitter, will come back into the near

end receiver whence they get back into the near end transmitter,

thereby making a loop circuit again which will produce singing even

though the round trip path of such a circuit may be 6,000 miles.

It is therefore found necessary, when connecting with telephone lines,

to provide a system which will at all times keep the incoming energy

of the receiver from going out on one's own transmitter.

To accomplish the foregoing is the function of the "Vodas" ^ as

indicated on the diagram, a device which connects the telephone line

to either the transmitter or the receiver but not to both simultaneously.

It must, however, connect them at proper and suitable times so that a

two-way conversation can take place. A simple system comes immedi-

ately to mind to accomplish this purpose. It is that of a voice-

operated relay which throws the telephone line from the receiver to

the transmitter whenever the speaker on that end speaks, with the

relay making the reverse connection when he stops speaking. Such a

simple circuit has been used in some cases but has been found not to

be adequate for general use. To begin with, the line is not switched

until part of what the speaker has said has arrived to actuate the relay.

Some clipping, therefore, occurs. To make things worse many words

begin with sounds of small energy like f's and s's, which may not be

sufficient to actuate the relay. The relay will then not operate until

the vowel sound following arrives and when the relay does operate the
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entire preceding consonant is clipped of¥. The clipping is sometimes

disconcerting and may impair the intelligibility of the transmitted

speech. If the relay is made sensitive enough to operate on the f's

and s's another difficulty arises. Relatively low values of room noise,

noise induced on wire lines, or the speaker breathing into the micro-

phone may produce enough energy to actuate the relay during listening

periods, thus interrupting the conversation. In other words, if the

relay is sensitive only to the loud sounds clipping will occur, while if

sensitive to the weaker sounds it may be actuated by noise. These

difficulties are surmounted by using the more complex circuit termed

the "Vodas" as indicated in Fig. 6.
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Fig. 6—Vodas (voice operated device anti-singing).

In this diagram the transmitter is located on the bottom branch in

which there is interposed a transmitting delay circuit. The incoming

speech after passing through the transmitting amplifier operates relays

by means of the transmitting detector. The relay is so adjusted as to

be operated by the louder sounds in the voice but not by noise. While

it is operating upon the vowel sound following a consonant, the con-

sonant may be on its way through the delay circuit so that the relay

which normally shuts ofif signals to the transmitter will actually clear

the path to the transmitter in time for the first sounds of a word in

most cases. The utilization of the delay circuit can therefore practi-
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cally eliminate the clipping and allow of relays being adjusted so as

not to be operated by small noises from the telephone line.

This circuit also includes arrangements to prevent other difficulties.

It will be observed there are two sets of relays, one operated by the

transmitting branch rectifier and one by a receiving branch rectifier.

These are so arranged that when speech signals operate the trans-

mitting branch rectifier, the receiving line is short-circuited to prevent

any signals, such as noise, from the radio receiver reaching the talker

or from going out on the transmitting branch to interfere with the

transmitted speech. When no talking is occurring at this end of

the circuit signals coming in on the radio receiver operate a receiving

relay which short-circuits the transmitter circuit so that the received

speech will not be retransmitted by the transmitter and so set up a

singing condition. This particular diagram indicates the hybrid coil

and balancing network which are used to assist in operation but not

to provide the main means for preventing the received speech from

reaching the transmitter.

This circuit as indicated is about as simple as a satisfactory circuit

can be made. Figure 7 indicates a more complex circuit which has a

number of advantages, among which is that of connecting in privacy

equipment. This circuit allows of using one piece of privacy equip-

ment which is used in the transmitter branch for outgoing signals and

is switched to the receiver branch for incoming signals.

Returning now to Fig. 5, attention is called to another device in the

first diagram labeled "Vogad." ^ This word comes from the initial

letters of the words "voice operated gain adjusting device." ^ This is

a type of device which is very useful in telephone practice but is seldom,

if ever, used with a broadcasting transmitter. Every telephone user

is cognizant of the fact that different people with whom he speaks

over the telephone use different intensities of voice; also different

lengths of telephone line introduce different amounts of attenuation.

If the incoming telephone signals are to operate the radio transmitter

to its full modulation capacity some means must be provided to

equalize these signals of various levels. It is therefore desirable to

have a device which will maintain the output level nearly constant

regardless of the variation in the input level due to different speakers

and different lengths of telephone lines. This operation is provided

by the Vogad indicated in Fig. 8. The channel across the top is

the direct path of the speech signals. Within the dotted lines marked

"vario repeater" are some elements including the amplifier whose

gain is varied to make up for variation in intensities at the input.

It is not sufficient to construct an amplifier which will give a large gain
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with a small input and small gain with a large input as the use of as

simple a circuit as this will cause the amplifier to adjust itself for

maximum gain when no input signal is coming in and in that case any

noise on the line may be amplified sufficiently to be troublesome.

Also, with such an amplifier the gain will become larger whenever the

speaker stops or hesitates and will momentarily overload the trans-

mitter with the first syllable on resumption which may result in dis-
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Fig. 8—Vogad (voice operated gain adjusting device).

tortion of considerable consequence. It is therefore desired that this

circuit have a maximum gain which will not make noise troublesome

and also be so constructed that the gain during any conversation will

remain constant even during hesitation and listening periods, and in

which the gain will increase only when speech signals become weaker

or the gain decrease when speech signals becoming stronger. To

accomplish this one element of the circuit marked "Gain Increaser"

receives energy from the input and operates through the gas tubes
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Rl and R2 causing the gain integrator to increase the gain of the main

ampHfier when the speech input levels decrease. However, this

increase in gain must continue only until sufficient speech volume is

going out to modulate the transmitter in an approximately satis-

factory manner. At this instant another part of the circuit called

the "Gain Increaser Disabler" operated by the output signal comes

into play and disables the gain increaser. If the input signal and,

therefore, the output signal become louder, then a fourth element,

called the "Gain Decreaser," comes into play and begins to reduce the

gain of the amplifier. The combination of these control circuits with

the main amplifier therefore causes the volume of output signal to be

reasonably constant with wide variations in the volume of the input

signal and at the same time to hold the gain substantially constant as

long as speech signals of the same volume are coming or while no

speech signals are coming.

Returning to Fig. 5, note a situation which may be troublesome.

Anyone who has operated the earliest broadcast receivers with auto-

matic gain control will remember that when the incoming signal became

weak or disappeared the gain of the receiver climbed to such a point

as to produce disconcerting noise in the loud speaker. The receivers

in all of the systems indicated in this figure contain automatic volume

control and if the transmitter from the remote station stops momen-
tarily or if the signals fade out this automatic volume control boosts

the gain to such an extent that noise is delivered by the receiver to

the telephone line. Such noise may be sufficient to operate the Vodas
and in doing so will seize control of the circuit and not allow the signals

from the subscriber at this end to reach the transmitter. This would

lock up the circuit and put an end to the conversation.

Such a contingency is avoided by the use of the device indicated in

the block marked "Codan."^ The word Codan comes from the

initials of the words "carrier operated device anti-noise." The Codan
is a device which is operated by the carrier picked up by the receiver

and connects the receiver to the telephone line only while a carrier is

present. Under these conditions the volume control will go up and
down as the carrier goes down and up but if the carrier disappears the

Codan disconnects the receiver so that noise will not operate the Vodas
and prevent the speech from the subscriber at the near end from being

transmitted.

Specifically, circuits operating with ships at sea must have the

Codan or its equivalent because the ships usually employ a system in

which the carrier is cut off when the ship stops speaking so that the

disappearance of the carrier at the receiving station on shore is the
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period during which the shore subscriber is expected to talk. The noise

at this time in the receiver on shore must not actuate the Vodas or

the transmitting branch will be interrupted. A suitable rectifier with

a relay can, under certain conditions, be a satisfactory Codan but

not in all cases. There is always a certain amount of static, strays

and so forth, reaching an antenna and if the relay is adjusted to operate

on a very weak carrier the strays and the static may also operate

the relay. Now, of course, it is possible to adjust the relay so it will

not operate on the noise occurring at a particular time but will operate

on a carrier which is slightly stronger. If that adjustment is made

during the day on short waves when the noise is low, when night

comes the noise level rises and the noise may then be able to operate

the relay. It would be necessary with a simple Codan of this type to

have the operator continually adjust and readjust the Codan for

different parts of the day and night.

However, it is impracticable for an operator to be continuously on

watch and continuously and satisfactorily adjust the sensitivity of

such a relay, with the consequence that a satisfactory Codan necessarily

involves automatic adjustment as provided in the circuit of Fig. 9.

In this diagram the part above the middle dividing line is the receiver

while the part below is the Codan. The Codan here consists of two

parts. It consists of a part which selects the carrier by a crystal

filter for operating the relay, and instead of a spring to hold back the

armature an electrical arrangement is provided whereby the noise

coming through the second part of the circuit will produce current in

the relay in the opposite direction. The noise is picked out by another

crystal filter Y4 which selects all the energy in the two sideband posi-

tions minus the carrier position. This noise is amplified and rectified

so that whenever the noise is high it will require a large carrier coming

through filter Y3 to operate the Codan relay S2 and when the noise is

low through the noise branch a smaller carrier coming through the

carrier branch can operate the Codan relay. This Codan therefore

automatically adjusts itself to the noise level in the ether so that the

carrier can connect the receiver to the telephone line whenever the

carrier appears.

Since the development of a successful Codan it has been found

practical to dispense with the Vodas at terminals that connect with

radio stations which radiate their carrier during transmitting periods

only. This is brought about by using the Codan to operate the relay

that switches from transmitting to receiving. Since the Codan is

operated by the incoming carrier and not by outgoing voice signals,
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the delay circuits of the Vodas are unnecessary. This arrangement is

finding increased application in ship-shore terminals.

Referring again to Fig. 5, note two squares in the first diagram

labeled "Compandor." ^ Each of these squares has part of the name
dotted to indicate that the two circuits are different but together form

the entire Compandor. The Compandor is another device to assist in

making signals more intelligible in the presence of noise at the receiver.

It accomplishes this by the peculiar method of distorting the signal

going out and then restoring it at the receiver. The reason for such a

device and its mode of operation are as follows. Ordinary speech

contains loud as well as weak signals. Most of the consonants and

some of the vowels do not contain much energy. They therefore

A/Vv AAAr

AAA.

Fig. 10—Compressor part of the compandor.

will not modulate the transmitter fully and are the ones whose re-

ception will be interfered with by noise at the receiver. The Com-
pandor reduces this effect by making the weak parts of the transmitted

signal larger than normal.

The part of the Compandor in the transmitter branch distorts the

speech signal by reducing the energy variations between the loud and

weak sounds a certain amount. It does not wipe out all variation as

it is necessary to leave a certain variation which is made use of at the

receiver to restore the original variation. The circuit used at the

transmitter end is given in Fig. 10. It is called the Compressor.

A speech signal comes in on the left-hand side and goes out on the

right. Between the input and output circuits are connected two

vacuum tubes. Although superficially this circuit looks as though

these tubes are amplifiers, actually they are connected to absorb
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energy. The operation therefore involves absorbing part of the energy

in the louder signals and a lesser amount from the weaker signals so

that the output contains speech which has been distorted in such a

fashion that the variations in energy may be only one-tenth as much
as they originally were. These two absorbing vacuum tubes are

controlled by potential built up across a circuit containing capacitance

and resistance. This circuit has a potential Eq produced on it by a

linear rectifier which secures its energy from the output circuit. The
strong signals appearing in the output produce a larger voltage on the

resistance-condenser combination, thereby causing the grids of the two

vacuum tubes to be more positive than with weak signals or no signals,

and the two tubes, then acting as conductive resistances, reduce the

intensity of the loud signals. The resistance-condenser combination

is so proportioned that the charge on the condenser rises and falls

with syllabic frequency. It must not have such a short time constant

as to wipe out individual cycles. It is to operate upon groups of

cycles only. With this Compressor between the telephone line and

the transmitter, and the amplifiers properly adjusted, the transmitter

can still be fully modulated with the louder sounds in the voice but it

will be modulated very much more than it would normally be by the

weaker sounds in the voice.

At the receiving end the signal delivered by the receiver and trans-

mitted towards the telephone line will be the same distorted signal

which modulated the transmitter. Such a distorted signal, although

scarcely discernible from the original, is not in all situations the de-

sirable one to put upon a telephone line, so there are reasons for

restoring this distorted signal to its original form. This distorted

signal contains the weaker parts of speech amplified many times with

respect to what would occur without the Compandor and therefore

these weaker parts of speech will be many times above the noise which

would have interfered with reception under ordinary conditions.

This distorted speech now goes into the part of the Compandor in

the receiving branch which is called the "Expandor," as shown in

Fig. 11. The Expandor contains many elements similar to those in

the Compressor but they are arranged in a slightly different form.

Two vacuum tubes instead of absorbing energy are now used as

amplifiers. The signal comes in on the left and goes out on the right

but the output is not a true amplified picture of the input because as the

signal goes through the amplifier the amplification of the two tubes is

varied so as to restore the original signal. To do this use is made of

the remaining amplitude variations within the signal to operate a

linear rectifier and put a variable voltage Ex upon similar condenser



RADIO EXTENSION LINKS TO TELEPHONE SYSTEM 629

and resistance, and by virtue of connections to vary the amplification

of the two ampHfier tubes. The louder signals therefore put more

positive bias on the grids of the amplifiers than the weaker ones and

the amplifier tubes will amplify the stronger tones more than the

weaker. There is thus delivered to the output the original signal but

with very much improved signal-to-noise ratios.

In the use of the Compandor on circuits having noise it has been

found possible to produce signal-to-noise improvements as high as

30 db. Average improvements are 15 to 20 db. The improvement

depends upon the amount of noise present.

Returning again to Fig. 5, there are certain elements labeled

"Calling." 2 The particular configuration indicated with calling de-

vices attached to the telephone line in the first diagram and to a receiver

LINEAR
RECTIFIER

OUT

Fig. 11—Expander part of the compandor.

in the second diagram are the particular calling arrangements used for

communicating with boats at sea. The fishing boats, such as men-

tioned previously, and private yachts, do not find it expedient to have

an operator listening at all times for calls nor do they like to have a

loud speaker operating continuously delivering all and sundry com-

munications to the people on a boat. It is desirable that means be

provided so that the boat may be called by having a calling mechanism

available. The system is indicated in Fig. 12. In this system the

receiver on the boat must be operated continuously and must be

connected to the selector and bell circuit so that whenever the correct

calling signal comes in the bell will ring. At the shore station the

calling is accomplished by sending out certain combinations of 600

cycles and 1500 cycles as indicated in this figure, the various com-

binations being chosen by the telephone dial which actuates a relay

switching one or the other audio frequency onto the transmitter.



630 BELL SYSTEM TECHNICAL JOURNAL

A certain combination which consists of certain sequences of the 600

and 1500-cycIe tones is assigned to each boat. The 600 and 1500-

cycle tones selected by band-pass filters are rectified and actuate a

polar relay which then delivers to the part marked "selector" signals

corresponding to those made by the telephone dial. The selector is a

standard train dispatcher selector which can be set for various com-

binations of signals and when the correct combination arrives it will

close a switch and ring the bell.

For calling the shore operator from the ship, the Codan mentioned

previously connects the receiver to the line and also operates a relay

to light the shore operator's switchboard light whenever a boat operator

starts his transmitter and puts on his carrier.
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Fig. 12—Calling system for boats.

These two methods of calling in the two directions are not the only

ones which are used on radio links. For most transoceanic and service

to the large liners, prearranged schedules or continuous watch allow

of calling by voice. In the Green Harbor-Provincetown circuit of

Fig. 3 and some transoceanic circuits calling is accomplished by

transmitting 1000 cycles interrupted 20 times a second which is a

standard means of ringing over telephone lines.

Referring again to Fig. 5, note the third diagram and the element

marked "SSBTR" ^ which means single sideband transmitter. Single

sideband transmission has been used on transoceanic radio telephone

circuits since the first circuit was opened. It is not used in broad-

casting, at least in this country, although it has been proposed a

number of times. Single sideband communication was first used on

wire line carrier circuits with their inception in 1918. It was utilized

when the long-wave radio circuit was tested experimentally in 1923
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and opened in 1927. Single sideband has since been applied on short

wave circuits to London and to Honolulu.

Single sideband has the theoretical advantage of 9 db in signal-to-

noise ratio over double sideband with carrier transmission; 6 db is

secured from the utilization of all of the energy in one sideband and

3 db comes from reduced noise in the reduced band width of the

receiver. Tests have shown that the 9 db signal-to-noise improvement

is secured in practice.

The application of single sideband to the short-wave circuits en-

countered a number of difficulties. One of the bigger difficulties was

that of resupplying the eliminated carrier. In order that speech

received over single sideband circuits be truly normal and be recog-

nizable as the voice of the talker, the carrier must be resupplied within

20 cycles. If it is supplied more than 20 cycles out of position the

speech will be intelligible in varying degrees but it is impossible to

recognize the voice even of one's best friend. To resupply the carrier

within 20 cycles when the radio frequency is 20 MC means that the

transmitter and the beating oscillator at the receiver individually

should not vary more than 10 cycles, and 10 cycles out of 20 MC is one

part in 2 million. The frequency of either oscillator must therefore

remain constant to better than one part in 2 million if voices are to

be recognized. It is of course possible to build oscillators which are

more stable than this. However, such oscillators at present appear

to be in the laboratory rather than the commercial class and so it

has been found desirable to adopt a different means for maintaining

this frequency of the resupplied carrier at the right value. This is

accomplished by transmitting a small part of the original carrier and

then at the receiver use this small or vestigial carrier as it is known to

actuate a mechanism which will supply a local frequency exactly in

synchronism with it. The resupplied carrier can therefore be main-

tained well within one part in 2 million, in fact it can be maintained

within one cycle in 20 megacycles.

In producing a single sideband other difficulties are encountered.

In the present state of the art it is difficult to eliminate one sideband

and leave the other, except at relatively low frequencies. In the long-

wave transoceanic circuits which operate on 60 to 70 kc the elimination

occurs at 30 kc and a second modulation shifts the remaining sideband

to the desired position. This gives good selection of the desired side-

band and provides flexibility in the final positioning of the sideband.

In operating at high frequencies, which may be as high as 22 MC,
it has been found desirable to reach the desired point not with two

steps in modulation but with three steps. This is indicated in Fig. 13.
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Signals come in on input circuit A to modulator lA which modulates

125 kc from which crystal filter A selects the upper sideband. This

upper sideband then goes into modulator 2 where it modulates 2500 kc.

The sideband in this case will be located more than 125 kc away from

the carrier and can be selected by a relatively inexpensive filter which

now delivers the single sideband in position 2625.1 to 2631 kc to

modulator 3. In modulator 3 this sideband modulates a suitable
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Fig. 13—Single sideband transmitter circuit.

frequency which may be anywhere from 6 MC to 20 MC which is

secured from a suitable source such as the harmonic output of a

crystal oscillator. The output of this third modulation places the

single sideband in a desired position in the ether whereupon it passes

through an amplifier to an antenna and is radiated. This desired

position in the ether may be either above or below the final carrier

frequency as may be found desirable, depending upon the frequency

range in which operation is to occur at that particular hour.
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Following the success in applying single sideband to one of the short-

wave channels consideration has been given to utilizing the position

of the vacated sideband or the contiguous position for a second channel.

The resultant method is called "twin channel single sideband."

Referring to the diagram in the upper right-hand corner of Fig. 13,

Channel A is the single sideband which has just been discussed while

the second single sideband is now placed in B position so as to give two

separate conversations with the same transmitter. This immediately

brings to mind the question, "Is the advantage of single side band
lost by using the two sideband positions for two separate channels?"

Odd as it may seem it is only slightly affected. If those two sideband

positions are used for a single channel the frequencies in the two

sidebands appear simultaneously, and in corresponding positions. The
transmitter must handle both simultaneously and the receiver must be

broad enough to receive both bands. However, when two separate

conversations are placed in the two separate sideband positions

similar frequencies do not appear simultaneously in both bands except

at such remotely occasional times that their mutual interference is

small or not noticeable, and at the same time the receiver for each

channel is tuned for only one sideband, thereby keeping down the

noise. By using the two positions for two separate channels it is

possible to get on a statistical basis two single sideband circuits each

8 db better in signal-to-noise ratio than would be obtained using the

same two sideband positions for one channel alone. It produces a

remarkable increase in efficiency of use of a circuit.

Now it also happens that addition of the second channel requires

a surprisingly small amount of apparatus. Looking at this same
figure, Channel B is indicated on the left providing input B to

modulator IB. This modulator modulates the same frequency as

modulator lA but crystal filter B selects the lower sideband in this

case, which sideband is now delivered to modulator 2 along with that

from filter A. These two parts are all the apparatus necessary to add

to this transmitter to convert it from one channel to two channels.

It is thus to be observed that by suitable application of single sideband

to the short-wave channels it has been possible to multiply their

number by two and increase each one 8 db in signal-to-noise ratio.

This twin channel single sideband has been applied to two of the

three short-wave transoceanic circuits, to the San Francisco-Honolulu

circuit, and undoubtedly will be applied to other circuits in the future.

Referring again to Fig. 5, there will be seen an element marked
"Directive Antenna." Directive antennas have been used very little

in broadcasting. They are coming into greater use with short-wave
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broadcasting and with efforts to produce less interference between

stations in the United States operating on similar wave-lengths, but

their use has been much smaller than their use in radio links of the

telephone system. Directive antennas are of great importance in

telephone links for the reason that in operating over great distance,

where weak signals must be received all or most of the time, much
power may be saved if directive antennas at the transmitter are used

t

\

\

\
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element consists of a conductor, whose length is an integral number of

half wave-lengths, bent in such a way that the currents in all of the

vertical elements will be in phase while in the horizontal elements

they will largely balance out. The vertical elements are all placed in

the same plane and the horizontal elements depart from that plane

only enough for crossing without short-circuiting. With this arrange-

ment the energy radiated in a direction perpendicular to the paper

will be a maximum. It will be a minimum in the plane of the paper in

side or vertical directions. Any suitable number of these elements

may be arranged in the same plane and connected together so as to

increase the energy in the desired direction. Inasmuch as the length

of the wire and the configuration into which it is bent are associated

with the frequency, an antenna constructed for one frequency is not

usable at another. This is true in any antenna where standing

waves exist.

In the antennas of this type which have been used on our short-

wave circuits for operating across the Atlantic, as many as 8 elements

were connected in parallel in the same plane so as to radiate in the

desired direction producing a sharp directivity pattern. At the same

time another set of 8 elements were located one-half wave-length away
parallel to the first as indicated in Fig. 15 so as to eliminate the radia-

tion in one of the two directions perpendicular to the screen. This

causes all the energy to be radiated in the desired direction. For

operating one radio transmitter on a transoceanic circuit it is necessary

to have three or four antennas for each transmitter, one for each wave-

length. These antennas were strung between towers. Figure 16

shows the antennas as used formerly at Lawrenceville, New Jersey.

One antenna occupied two inter-tower spacings. The direction of

transmission is perpendicular to the line of the towers.

At the receiving end directive antennas are also used. An ele-

mental picture is shown in Fig. 17 of the receiving antenna devised

for this purpose by Mr. E. Bruce.'' The third diagram shows the shape

into which a long conductor is bent and the arrows show the instan-

taneous directions of current flow at a moment of maximum. It is

observed here also that in all the vertical elements the currents flow

in the same direction while in the horizontal elements enough flows in

the two directions so the effect is neutralized. This antenna will

therefore also receive or transmit in the directions perpendicular to the

plane of the conductor and not in directions within the plane. This

type of antenna can also be constructed with a reflector behind it to

reduce the direction of transmission or reception to a single direction.
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Fig. 16—Towers at Lawrenceville, New Jersey, used to support a number of

Sterba antennas for transoceanic communication. These antennas have since been

superseded by rhombic antennas.
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Such an antenna as used at Netcong, New Jersey, for reception is

shown in Fig. 18.

In the course of time further improvements in directive antennas

have been made. One improvement is indicated in Fig. 19 and is

known as the "rhombic antenna" ^ because it consists of a wire or

wires supported by four poles in the shape of a rhombus elevated some

distance above the ground and parallel to the ground. As usually

used two contiguous sides of the rhombus form one branch of the

antenna and the other two sides form the other branch. At one end

is connected the receiver (or transmitter). At the end opposite the

connection to the receiver are connected resistances of suitable value.

Fig. 18—Bruce receiving antenna at Netcong, New Jersey, used for transoceanic

communication. This type of antenna has been superseded by the rhombic type
at Netcong.

This antenna differs radically from the previous ones and most other

directive antennas in one respect and that is it does not usually operate

with a standing wave thereon. The purpose of the resistors is to

absorb all the energy reaching such resistors. This antenna when

arranged as in Fig. 19 receives from the right. The energy strikes the

wires and is thence transmitted to the receivers. Energy coming

from the left-hand side travels away from the receivers and when it

strikes the resistors is absorbed. If the resistors are not used and the

two terminals are either connected together or kept insulated, energy

reaching this end will be reflected, in which case this antenna will

operate with a standing wave thereon and will receive or transmit

from either the right or the left. Inasmuch as this antenna as

preferably used is unidirectional and does not operate with a standing
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wave, a single antenna may be used for a number of wave-lengths

without readjustment.

When the rhombic antenna is used for a number of frequencies

without change in size or form, the directivity is different for each

frequency. The maximum directivity for the higher frequencies will

be a lower angle than for the lower frequencies. This works in very

well for long distance operation since the angles at which the high and

low frequencies come in tend to agree with this characteristic of the

antenna.

The rhombic antenna has come into extensive use for transoceanic

short-wave links during the last few years. Due to its multi-wave-

Fig. 19—-Rhombic antenna invented by E. Bruce.

length characteristics it is replacing the other types of antennas de-

scribed previously. The initial cost is much less than the type sup-

ported on steel towers, the land required is less, and the upkeep is

also less.

In Fig. 20 is shown a photograph of another type of directive an-

tenna. Two antennas are indicated, one for transmitting and one for

receiving. These antennas are known as "pine tree" ^ antennas

because of the connections of the radiators to a transmission line

passing up from below. This particular antenna is for ultra-short-

wave operation around 60 MC and is one end of the Provincetown-

Green Harbor circuit. Each antenna contains 8 radiators in a plane
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Fig. 20— 1:.., !xL_iuiai L^cJ. ^.. - 1 l; . liicetown-Green Harbor
ultra-short-wave circuit.
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and 8 reflectors in a parallel plane. This type lends Itself very well

to construction for ultra-short-wave operation. The directivity of any

antenna is a function of its breadth measured in wave-lengths and

when the wave-length is short it is more economical and easier to

construct the antenna with the larger dimensions up and down the

pole or at right angles to the pole than to stretch it along the ground.

Figure 21 indicates one of the first directive antennas to be used.

This is known as the "Beverage" ^° antenna and is used on long-wave

telephone circuits which operate between 60 and 70 kc. Such an

antenna is located at Houlton, Maine, for receiving from England.

The antenna structure appearing in this diagram may be several miles

in length. It receives best from the upper right-hand direction, as

indicated by the arrow. The incoming wave produces currents in the

antenna which experience gradual build-up along the line to the

receiving end where they operate the receiver and deliver the signal

to the telephone line. This type of antenna has a horizontal directional

pattern as indicated in the figure. Its maximum direction as used is

northeast, as that is the direction signals arrive from England. It also

happens that more static and strays reach this part of the country

from the southwest than from other directions and with the antenna

so oriented there is what is sometimes called a "blind eye " faced in the

southwest direction so as to receive a minimum of interference from

that direction.

Some of the difficulties involved in transoceanic short-wave reception

may be explained by reference to Fig. 22; this shows a diagram of

the earth and the ionized region of the atmosphere called the "iono-

sphere." Signals from the transmitting station in England may reach

the receiving station in the United States by more than one path.

One path indicated has two reflections from the ionosphere and the

other has three reflections. Careful measurements on this diagram

indicate that these two paths are not equal in length, with the result

that signals received in the United States from across the ocean coming

over the two paths may be out of phase. Not only may there be two

paths but sometimes there are three, four or more so that the inter-

ference caused by signals coming over the several paths can give rise

to bad fading and distortion. The lower diagram in this figure shows

the vertical directive pattern of an ordinary directive antenna. It

shows this directive pattern to be large enough to receive simul-

taneously both incoming signal components from the two paths.

If it is desired to eliminate the undesirable effects produced by the two

signals coming in out of phase, one should be eliminated, 'i'his can

be done provided an antenna is constructed having a sharp c' rective
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pattern as indicated in the same sketch and such a directive pattern is

produced by an antenna system called the "Musa." " The name

"Musa" comes from the initials of the words "multiple unit steerable

antenna." The Musa is one of the latest developments in directive

antennas and possesses not only the important characteristic of a

very sharp directivity pattern but also is steerable so it may be altered

to receive a desired component, and if such desired component changes

its angle of arrival alteration may be made to accommodate such

change.

^^'--"Z''---- IONOSPHERE --~-ri~ ----_.

'RECEIVING POINT

EARTH

(b) VERTICAL PLANE DIRECTIVE PATTERNS (NOT DRAWN TO SCALE)

Fig. 22—Paths of short waves over long distances as determined by the ionosphere.

Figure 23 indicates the elements of the Musa. It consists of a row

of rhombic antennas lined up in the direction from which signals are

expected. Each rhombic antenna is connected by a transmission line

to a phase shifter and the outputs of the phase shifters are connected

to a receiver. These phase shifters may be so adjusted as to cause any

desirable phase additions from the separate antennas. By changing

the adjustments on the respective phase shifters the direction of

reception may be altered. In this diagram a row of antennas is shown

as connected through phase shifters to receiving branch A with the

phase shifters adjusted to produce a directive pattern as indicated in

the neighboring diagram marked branch A and drawn dotted. Into

branch A will therefore come the signals which arrive from one trans-



644 BELL SYSTEM TECHNICAL JOURNAL



RADIO EXTENSION LINKS TO TELEPHONE SYSTEM 645

oceanic path at the lower angle. Beneath this row of phase shifters

is indicated a second set connected in parallel with the first set. The

second set is adjusted somewhat differently so that the receiver in

branch B will receive signals over the path with the higher angle as

indicated by the solid line directive pattern in the neighboring diagram.

The two separate signals may therefore be separately received.

Since, however, they do not arrive at identical times they cannot be

added without producing distortion. By interposing a delay in the

output branch of the one arriving earlier, which in this case is branch

A, they may be added directly into a single audio output. In this

case if one branch fades the other will continue to receive the signal,

and while both are receiving a better signal-to-noise ratio obtains.

A cathode ray oscillograph is connected on the outputs of these

receivers as indicated in the diagram so as to indicate when the delay

is satisfactory for adding the two signals in phase.

As mentioned previously the direction from which a signal comes

may change from time to time. In this case a fixed adjustment of

the phase shifters may allow the signal to disappear. The operator

needs to be ready to change the phase shifters when necessary but it

is also desirable that he change them in the desired direction without

interfering with the conversation arriving over the circuit, which

means he should be able to adjust them without using cut-and-try

methods of adjustment. To accomplish this a third set of phase

shifters is provided which are continually driven in rotation by a

motor so that as they rotate they cause the direction of the signal

received by a monitoring receiver to shift its angle of reception over

the entire angle range at which signals might arrive. The output of

this receiver is connected to two plates of a cathode ray oscillograph

Avhile to the other two plates are connected potentials from a rheostat

on the phase shifter drive shaft so that the potential will be indicative

of the position of the phase shifter. If the phase shifter continually

rotates the varying signals will cause the varying deflection in the

vertical direction and so draw a pattern as indicated in Fig. 23, which

will show immediately by suitable calibration the angle between the

two different signals. The operator may thereby adjust his phase

shifters by calibration and without cut-and-try tuning.

Inasmuch as the rhombic antenna does not operate with standing

waves and may be used for a variety of frequencies it may be used

simultaneously for this variety of frequencies. The transmission lines

from the rhombic antennas to the phase shifters also operate without

standing waves so they likewise may operate simultaneously at a

variety of frequencies. It is thus possible by connecting other phase

shifters and other receivers to utilize a single row of rhombic antennas
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to receive simultaneously a number of radio signals on different

frequencies. Each one of these receivers with phase shifters will

provide its own directivity pattern and may be adjusted independently

of the others.

A Musa system has been constructed for transoceanic reception on

short waves at Manahawken, New Jersey, and is now in operation.

In this system 16 rhombic antennas are placed in a row approximately

a mile and a half long.

The radio terminals for all services have not attained standardized

final forms but are in a slow state of flux as better circuits and methods

for handling existing problems are devised. The circuits and devices

indicated in the figures in principle or in detail are not the only ones

that have been tried or used, but represent steps that at one time or

another were considered to be advancements suitable to be put into

use while the attentions of the development engineers were directed

toward more pressing problems. These various devices have aug-

mented the reliability of radio circuits enormously. Distances covered

have been enlarged. To accomplish similar results by power increase

alone would have in most cases rendered it uneconomic to construct

and operate the radio systems. In each case peculiarities either in

speech, in radio circuits, or in static and noise characteristics are taken

advantage of in making a design to aid the signal and reduce the

effect of noise. It is believed that the limit has not been reached but

that further improvements and other devices will in due time give

increased reliability.
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Lodgepole Pine Poles— Full Length Treatment Under Pressure—Butt

Treatment in Open Tanks} C. H. Amadon. Lodgepole pine ("Pinus

contorta") forms extensive forests in Colorado, Wyoming, Idaho and
Western Montana. The timber has been used widely for mine props,

railway ties and telephone and telegraph poles by the various industries

in the general region in which it grows. Like most of the pines,

lodgepole pine in its natural state is classed as a non-durable wood in

contact with the soil, and where a relatively long service life is desired the

timber has been treated with creosote or some other wood preservative.

Lodgepole pine poles are exceptionally straight, free from knots of

objectionable size, fairly soft and when well seasoned weigh about 30

lb. per cu. ft.

The purpose of this paper is to present information on the behavior,

under actual service conditions, of lodgepole pine poles that had been

pressure-treated in closed cylinders or butt-treated in open tanks, and
to describe the development of a process for the pressure treatment of

lodgepole pine poles to meet specific penetration and low retention

specification.

Sound Measurement Objectives and Sound Level Meter Performance.'^

J. M. Barstow. The standardization of sound level meters is shown
to have improved conditions in the field of sound measurement, al-

though several characteristics thought to be desirable in visual indi-

cating sound measuring devices are not fully realized in instruments

conforming to the present standards. The extent to which certain

sound measurement objectives have been realized in present sound
level meters is discussed. Further work will undoubtedly be necessary

before some of these objectives may be more completely realized.

Present indications are that sound level meter limitations in regard to

the approximation of sound jury loudness levels will be difficult to

remove and at the same time retain reasonable apparatus simplicity.

Some consideration is given to possible courses of action in regard to

such limitations.

Coordination of Power and Communication Circuits for Low-Frequency
Induction."^ J. O'r. Coleman and H. M. Trueblood. Where power

^ Proc. Anier. Wood-Preservers' Assoc, 1940.
2 Jour. Acous. Soc. Amer., July 1940.
^Electrical Engineering, July 1940.
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and communication facilities are in proximity, electromagnetic induc-

tion from the power system may cause disturbances in the communi-

cation system. The avoidance or minimizing of such disturbances,

with due regard to the service and other needs of both systems, is a

problem of coordination, which is conveniently divided into two parts,

one dealing with low-frequency inductive coordination and the other

with noise-frequency coordination.

The present paper undertakes a general examination of the problem

of low-frequency inductive coordination in the light of developments

during the past decade. The situation as it existed at the beginning

of the decade is to be found well set forth in a paper presented in 1931

at the A.I.E.E. winter convention by R. N. Conwell and H. S. Warren.

The present paper, like its predecessor, derives from the work of the

Joint Subcommittee on Development and Research of the Edison

Electric Institute and the Bell System. It is largely concerned with

induction from currents due to power system ground faults and the

transients which accompany such faults. It gives relatively little

attention to continuous low-frequency effects since, up to the present

at least, such effects have not been a primary concern in the low-

frequency coordination of commercial power circuits and Bell System

communication circuits.

A further object of the paper is to outline the various factors that

require consideration in practical situations and to discuss their

significance under present-day conditions. To provide necessary

background for this, recapitulations of fundamentals are included at

appropriate points. Detailed discussions necessarily omitted from the

paper itself are to be found in the papers listed in the bibliography,

many of which, particularly the Conwell-Warren paper, contain further

references.

Insulating Paper in the Telephone Industry.'^ J. M. Finch. This

article discusses briefly a few of the more important types of paper

insulations used by the telephone industry, and shows the relation the

manufacturing procedures bear to the initial properties, the perma-

nence, and the uses of the product. Special emphasis is placed on

chemical properties as criteria of permanence. The specification

control of paper is discussed with emphasis on the simplification of

chemical test methods and on minimizing the number of such tests.

Finally, mention is made of some of the modified forms of cellulose,

which possess insulating characteristics superior to paper and which are

already replacing it for some uses.

* Indus, and Engg. Chemistry, August 1940.
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Rectilinear Electron Flow in Beams. ^ J. R. Pierce. Electrodes are

devised by means of which rectilinear electron flow according to well-

known space charge equations can be realized in beams surrounded by

charge-free space. It is shown how these electrodes can be used in the

design of electron guns having desirable characteristics.

High-Gain Amplifier for 150 Megacycles.^ G. Rodwin and L. M.

Klenk. An ultra-high-frequency amplifying system is described

which operates at about 150 megacycles with an over-all gain of 114

decibels and transmitted band of over 2 megacycles. An output power

of 2.5 watts is available with a signal-to-distortion ratio of 60 decibels.

By a frequency-shifting modulator in the amplifier chain the input

and output are made to differ by 10 megacycles. A filter-type circuit

is used as the interstage coupling to give the necessary band width.

Room Noise at Subscribers' Telephone Locations.'' D. F. Seacord.

The effect of room noise on the ability to hear speech is roughly

equivalent to a partial deafening of the listener; hence the study of

room noise conditions at telephone locations is of considerable interest

to the telephone engineer since these conditions have an important

bearing on the degree of satisfaction with which speech is received over

a telephone connection. As a consequence, various studies of room

noise have been made from time to time and information of increasing

value has been obtained over a period of years with the development of

improved measuring equipment and technique. This paper is based on

the results of recent room noise surveys carried out in the Bell System

and gives a broad picture of the magnitude of room noise at subscribers'

telephone locations under present-day conditions. The data presented

are a part of the information required in the work of devising and

applying methods for taking into account the effects of room noise on

telephone transmission in the design of the telephone plant.

Temperature Effects in Secondary Emission.^ D. E. Wooldridge.

Measurements have been made on the effects of temperature changes on

the emission of secondary electrons from iron, nickel, cobalt, and

molybdenum. Abrupt changes of one or two per cent were observed

to accompany the a— 7 transition of iron, while the hexagonal to face-

centered cubic transformation of cobalt was accompanied by a change

in secondary emission of only about 0.4 per cent. The magnetic trans-

' Jour. Applied Physics, August 1940.

«Proc. /. R. E., June 1940.
^ Jour. Acous. Soc. Atner., Julv 1940.
« Phys. Rev., August 15, 1940."
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formation was found to alter the secondary emission coefificient of

nickel by less than 0.3 per cent. The temperature coefficient of

secondary emission, in the cases of nickel, cobalt, and molybdenum,

was found to be much less than the volume coefficient of expansion of

the metal. The smallness of the temperature coefficient and the effect

of the magnetic transformation are shown to lend support to the view

that the secondary electrons are scattered or "absorbed" by an

excitation process similar to that whereby they are originally produced.



Contributors to this Issue

Millard W. Baldwin, Jr., E.E., Cornell, 1925; M.A., Columbia,

1928. Bell Telephone Laboratories, 1925-. Mr. Baldwin's work has

been in the field of telephotography and television.

W. R. Bennett, B.S,, Oregon State College, 1925; A.M., Columbia

University, 1928. Bell Telephone Laboratories, 1925-. Mr. Bennett

has been engaged in the study of the electrical transmission problems of

communication.

G. K. Burns, S.B., S.M., Massachusetts Institute of Technology,

1935. Western Electric Company, 1935-1940; Bell Telephone Labo-

ratories, 1940-. Mr. Burns has been engaged in the development of

methods and facilities for the manufacture of crystal filters. At present

he is on a temporary assignment with the Laboratories' filter design

group.

Homer Dudley, B.S. in Electrical Engineering, Pennsylvania State

College, 1921; M.A., Columbia University, 1924. Bell Telephone

Laboratories, 192 1-. Mr. Dudley has worked on transmission

problems. In recent years, the work has been in research on circuits

for speech analysis and synthesis.

Mark B. Gardner, B.S., Brigham Young University, 1930. Bell

Telephone Laboratories, 1930-. Mr. Gardner has been engaged in

various studies in physiological acoustics.

Raymond A. Heising, E.E., University of North Dakota, 1912;

M.S., University of Wisconsin, 1914. Western Electric Company,

1914-25; Bell Telephone Laboratories, 1925-. Mr. Heising has been

engaged in research and development on all phases of radio and is best

known for his work on radio transmitters.

H. C. Montgomery, A.B., University of Southern California, 1929;

M.A., Columbia University, 1933. Bell Telephone Laboratories,

1929-. Engaged at first in studies of hearing acuity and related

problems in physiological acoustics, Mr. Montgomery has been

occupied more recently with the study and analysis of speech.

J. C. Steinberg, B.Sc, M.Sc, Coe College, 1916, 1917. U. S. Air

Service, 1917-19. Ph.D., Iowa University, 1922. Engineering De-

partment, Western Electric Company, 1922-25; Bell Telephone Labo-

ratories, 1925-. Dr. Steinberg's work since coming with the Bell

System has related largely to speech and hearing.

651
















